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I. SU_uRY

Laboratory (JPL) Contract 990122 to The Boeing Company calls

for the design, 1"abrication and evaluation oX"V-ridge concentrating sCructures

for use in a solar energy phoCovoltalc conversion system. In _his Zype or

concentrator the direct sunlight arriving at a solar cell is supplemented by

sunlight reflected from the concentrator sides (Fig. 1). Specific requirements

of the contract include the delivery of two 9-inch by 9-inch concentrators,

EOM-I and EOM-2 along with an Interim Report within six weeks after contract
execution; and the delivery of a type-approval lO-inch by 18-inch CS-1 con-

centrator along with this Final Report at the completion of the contract, 12

weeks after execution. The contract required that the CS-1 structure be capable
of withstanding an enviromnental vibration test, weigh less than 0.4 pound

exclusive of the wiring, solar cells and Jig attachment clips, and develop a

specific power equal to at least 90 percent of the power output of a non-

concentrating panel having 85 percent of its area covered with cells.

Development of the concentrator design has involved investigation of the

performance of solar cells at high light intensities, the effect of non-

normal incident: light on solar-cell and cover-glass combinations, and the

effectiveness of reflecting surfaces.

Investigations were conducted to determine the optimum angle between the

plane of the solar cells and the reflecting surface . Optical analyses and
tests indicated that a 60-degree angle was best. Weight computations also

indicated that a 60-degree angle resulted in nearly minimum weight. An

angle of 60 degrees was adopted, and appropriate forming tools and weldiag Jigs
were built.

A total of thirteen 9-inch by 9-inch concentrating structures were fabricated.
The first nine of these structures were constructed from 6061-T4 aluminum

alloy. The last four structures were made from ALCOA unprocessed lighting
sheet in the He5 condition. In all of the structures the aluminum sheet

was Joined to supporting "hat" sections with multiple spot welds. The reflect-

ing surfaces on all structures were coated with a film-forming lacquer and then
aluminized with vapor-deposited high-purity aluminum.

Several 9-inch by 9-inch concentrators were tested at the vibration levels

specified in the JPL Contract. No structural damage occurred during the
tests and no resonance was observed during any of the complex-wave tests.

A search for resonant frequencies was conducted, and the resonant frequencies

of the panels were found to vary from 240 to 340 cps.

Ten of the 9-inch by 9-inch concentrators were tested in sunlight. The first

concentrators had concentration ratios of 1.65 to 1.73 (compared with 2.0

theoretical). Better aluminized-lacquer reflecting surfaces were developed for
later concentrators.

Four EOM concentrators were built. As shown in the Performance Summary below,
the three E0M concentrators tested at Boeing exceeded the 90-percent specific

power ratio required by the contract. The fourth EOM concentrator was shipped

to JPL without being tested at Boeing. EOM-IA and EOM-IA concentrators were

coated prior to shipment with a strippable lacquer for protection of reflect-

ing surfaces. Strippable lacquer had been used to protect reflecting

surfaces, but had not been previously sprayed over solar cells. Unfortunately,

the lacquer reacted with the bonding agent between the solar cells and their

cover glasses, resulting in cracking of cover glasses. Subsequently the
solar cells have been protected during the spraying of this strippable lacquer.
EOM-IB and 2B concentrators were shipped to JPL.

D2-9OOhl-A Page i
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The CS-I concentrator design was based on EOM concentrator experience. The

60-degree nominal angle between the plane of solar cells and reflecting sur-

face was retained. Aluminized lacquer was used for the reflecting surfaces.

Three of tbese concentrators uere fabricated from ALCOA unprocessed lighting

sheet -- one was vibration tested, another solar tested and delivered to JPL,
and the third was a spare. The CS-1 concentrator actually is 10.67 by 18 inches

in size, andits weight without cells, adhesive, wiring, and vibration-test
clips, but with aluminized lacquer, is 0.451 pounds. The weight of the complete

concentrator with cells, wiring, adhesive, and reflecting surface, but without
vibration-test mounting clips, is 0.768 pounds. This corresponds to 0,575

pounds per sq. ft.

Thestructural-test CS-I concentrator was vibrated in accordance with the

contract. The only damage was the loosening of a soldered connection between

a lead from a cell and the paralleling bus. The first natural frequency of
the concentrator was calculated to be 214 cps. From a bending test it was

determined that the El value is 4,010 inches-squared pounds per corrugation.

The electrical-optical performance of the CS-I concentrator, as measured in

solar tests, is shown in the Performance Summary Table. It will be noted that

the contract specific power ratio requirement of 90 percent was exceeded.

CONCENTRATOR PERFORMANCE SUMMARY

Concentrator

Designation
J_ i i U

Structural

M_teri_l

Specific PoWer Ratio, Percent

With 85 Percent With 92 Percent

Area Ratio* Area Ratio Disoosition

EOM-IA 6061-T4 97.4 90,0 iDam_ea

_'EOM-IB UPLS Not tested at Boeing Delivered to JPL

EOM-2A 6061-T4 102.8 94.8 :_am_ge_

EOM-2B UPLS I05.5 97.4 Delivered to JPL

::CS-I UPLS 106.2 98.1

* Designated in contract

%

- ALCOA unprocessed lighting sheet

Delivered to JPL

NOTE: All concentrators had 5-cell shingles except EOM-2A and EOM-2B

which had 15-cell shingles.

• !
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II. II_RODUCTI0N

Silicon solar cells have been a good source of power for satellites and
space probes. Their applicability for future vehicles with larger
electric loads seemsto be limited by cost and weight. Concentrating
sun/ight on solar cells Mguld seemto be a way of partially overcoming
these limitations. If the power output per cell could he doubled, the
cost per kilowatt would be halved. If lightweight reflecting surfaces
could be substituted for silicon photovoltaic material, the weight per
kilowatt would be reduced. The weight might be reduced even more signi-
ficantly if the reflecting materialcould also serve as a supporting
structure.

The Boeing Companyhas been investigating concentrating structures for
solar-cell power supplies for a year and a half. This investigation was
accelerated on August 29, 1961 whenthe Jet Propulsion Laboratory (JPL)
awardedBoeing the Contract 950122, "Concentrator Structure for a Solar
Energy Photovoltaic Conversion System."

The contract covers the design, fabrication, and evaluation of small
models of a concentrating structure in which solar cells are illuminated
by both direct sunlight and sunlight reflected from aluminumconcentrator
surfaces. Two electrical-optical model concentrators (EOM1 and 2) and
a type-approval concentrator (CS-1) are to be delivered.

A contract requirement is that a design of a 10-inch by l8-inch CS-I
typeapproval concentrator be submitted to JPL six weeks after execution
of the contract. To accomplish this design it was necessary to under-
takethese three categories of work simultaneously:

I@

2.

3.

Analysis of design factors

Basic Luvestigations
Manufacture and test of concentrators' _ ''_...._ _ ,__

The analysis of design factors involved the derivation of geometric
relations in a V-ridge concentrator, the development of structural design

criteria, a heat balance determination, and development of application

techniques. This work is discussed in Section III.

The basic investigations involved laboratory-type _esearch into the

performance of solar cells in high light intensities, the performance

of solar cells with non-normal incident_ light, analysis of curved re-

Electors, and the testing of reflecting surfaces. These investigations
are described in Section IV.

The design of electrical-optical model (EOM) concentrators, the type-

approval(CS-l) concentrator, and larger concentrators is discussed in
Section V. The manufacturing procedure is described in Section VI, and
Section VII contains the results of solar and structural testing.

D2-9O())/_-A
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III. ANALYSISOFDESIGNFACTORS

_he analysis of design factors is covered in this section. First the
geometry of:V-ridge concentrators isanalyzed, and an equation is
derived for the geometry that gives the maximumcencentratien perunit
of weight. The structure of V-ridge type concentrators is next analyzed,
and structural design criteria are developed. A method for obtaining
solar-cell temperature in a concentrator structure in space is developed.
Finally the application_of these analyses to E0Mand CS-1design is
illustrated.

A. 0ptlmumReflectorAngle

A requirement of the contract is that the angle between the plane
of thesolar cells and reflecting surface be optimized. The relation

between this angle and system weight has been analyzed, and the

angle atwhich the power output-to-we_t ratio is maximum has been
derived. • The symbols used in the derivation are shown below. This

derivation is based on ideal flat reflecting surfaces.

Sun

An assumed requirement of the reflector geometry is that the entire

cell area is illuminated. Thus, the light striking_ the highest
point on the reflector (_) must bereflected to the'far side of

the solar cell (p) asshown. This means that for a given reflector

angle _, there can be only one re_lector length _ ) and cencen-

between_andtrationrati°_(_)vis,Fremthe geometry of the reflector, the relation

= 90- 2_

The theoretical concentration ratio in sunligh_ (8) is

C = a + 2bR

a

a + 22R sin 9 ( (1)
a Where R = concentrator

reflectance:

D2-9oo41- A.
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_._en there are no concentrati2_ surfaces b = 0 and C = i; thus, .the

cells are illuminated only by the n@znnal-lncidence s®lar radiation.
As the reflector becomes more nearly vertical ( c_ gets larger), the

concentration ratio increases and reaches a maximum only with an

infinitely long reflector (_). As c_ approaches 45 degrees from
larger angles, _ approaches zero (Eq. 1), and no light is refleetea

to the solar-cell surface; thus, the regi@n of practical interest is,

o

The length of the reflecting surface (_) can be written,

= a sin (_,_)
sin @

sln/(9oo

and substituting _ into equatien (I),

Q= 9oo -o( (2)

c = i -2_ cos2o_ (3)

The weight of the trough (solar cells, cover glasses, wiring, and

aluminum) plas._he _weight of the reflecting 'surfaces is,

w= =z 2nl' 

m1 = _ei@ht of treugh and solar cells,
ibs/inch of length

_nl.= weight ef reflector, lbs/inch of
, , length :_'and_wldth.

Substituting Eq. (2) for _ ,

W = mI + 2n_ia sin (Z_ - 90e)

sin (_o, o_ ) (_)

W=m I-_2nI aces 2cx
cos o(

To find i_he optimum angle (o<) which gives the__maxlmum concentration-

to-welght ratio;i. Eqs. (S) and (_)are combined.

C i - 2R cos i'20k =_

= ml - 2nla co's_c_
...... ,_r-'T • COS O(

C cosC_(l - 2R cos 2a )

= mI cos _- 2 nla cos 2_ (5)

Equation (5) will give an optimum angle for each combination of re-

flector unit weight (B) and trough-anti-_cell weight (ml). The optimnn

angle, for reflectances (R) of i00 and 80 percentlwas computed for
the follo_iug (ml) and (nl) values which were used in the F_DM concentr}r_or:

Page '6
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Item T._eight,Pounds Value of
per Sq. Ft. . Constant: _

Trough - 0°010 inch aluminum o.14

ml m

hi=

The C/W values for these Condition.s anti'varying angle

Trough - solar cells, cover glasses,

wiring, bonding

Trough, total

Reflector, 0_OlO inch aluminum

o.6o

0,74

o.14

o_

4.12 x 10-3

Ibs/inch
i x 10-3

Ibs/sq.in.
are

plotted in Fig. 2. It canbe_seen that the maximum C/W ratio occurs

at an angle(c_ ) of ab®ut 62 degrees for an ideal casewith lO0

percent reflectance, If a reflectance of 80 percent is assumed, the

optimum angleshifts to 60 degrees.

_ne reflector angle of 600 chosen for the EOM concentrators was based

on the above study and thedata in Section IV-Bs showing_heenergy
loss as a function of angle of incidence on the cell cover gl_ss.

B. Structural Analysis

_he factors which enter into concentrator design are solar cell size,

reflector angle, reflecting surface type, metal thickness I required
structural stiffness and allowable weight. Since the solar cell size

is fixed, much of the geometry is likewise fixed.

The contract requires that the total weight of the CS-I concentrato_
(exclusive of cells, wiring, adhesive, Jig attachments, and simulation

load) shall be 0.4 pounds or less (equivalent to 0.32 pounds per_aq, ft.).

For this reason an aluminum alloy structure was chosen. _he structure

is composed of an aluminum sheet bent into V-ri_gesaudtroughs, with
hat-sectlon stiffeners at_ight angles to the V-ridges.

In the initial design considered, the hat=section stiffeners would

have been dip brazed to the coneentrat6r_ structure. However, the
moist environments to which the structure would be exposed under actual
launch conditions would create a severe stress corrosion problem due

to trapped brazing flux. Bonded Joints were discarded as prime::_

structure attachments because of difficult quality control problems

inherent in the production of bonded Joints.

The final design employs spot welds. Since an intrinsic problem in

a spot weld design is the poor fatigue llfe of single lap Joints with
only one row of welds, and because the concentrator structure is

subject to random structural vibration, the spot welds were placed

much closer together than they _ould be in a conventional Joint. This
tendstto transfer thebendln_ deformations from one sheet to the next

along a line contact instead of at severalisolated points, thus

reducing the high local strains at the leading edges of the spot welds

and increasing the fatigue llfe _thout increasing the weight.

Page 7
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Holes were required in the structure at the ends of the solar cell shingles for
electric wires going to connections on the back side. The initial design hml a
O. 250-inch diameter hole in the bottom of the trough near each of the stiffeners.
This slze hole is equivalent to a 93 percent reduction of trough cross sectional
area; therefore, doublers were installed on the first fabricated panels. The
calculated and measuredweights for these panels with doublers were more than the

contract limitation of 0:.32 ibs/sq, ft. Therefore, the wiring technique was
modified to reduce the hole diameter to 0.12 inch and move the hole location to

a less sensitive area in the base of the reflecting facet adjacent to the trough.
This change allowed elimination of the doublers and resulted in a design weight

of 0.293 ibs/sq, ft.

The initial design of the V-ridge concentrator structure utilized flat reflect-

ing surfaces with a 60" angle between the reflector and the plane of the solar

cells. All weight, stiffness, resonance, and concentration ratio calculations

were based upon this design. However, in the course of the investigations it was'_

found that a slightly concave reflector surface would be advantageous from the

standpoint of reducing the light dispersion and allowing moderate forming
tolerances; consequently, the reflecting surfaces were made 0_85 inches wide

instead of 0.80 inches wide. The 0.80 inches would be obtained if all angles

W_re, 60 degrees,: For som_ ef ithe_EOM panels the included apex angle of the
reflectors was made 53 degrees while the base angle of 60 degrees remained

unchanged. The resulting reflecting surface was approximately a segment from
right circular cylinder having a 12.2 inch radius. The curved reflector design used

on these particular EOM panels was not optimized to achieve uniform illumination but

was only intended to reduce light dispersion. The curved reflector design was

therefore relegated to the status of a research project for further investigation.

The resulting panel weight for this configuration was increased approximately

8 percentt_ 0.30_ lbs/sq, ft.

The CS-I concentrator design was changed to a flat sided reflector design with
included apex angles of 56 degrees and base angles of 62 degrees with reflector

sides 0.85 inches wide. This revision of the design was selected because of

"bright spots" found on the solar cells in the curved reflector EOM, panels.

With the smaller apex angle, the reflected light from each reflector did _,ot

fully illuminate the cell. As a consequence, a bright line was formed on the

cells wh_ the reflected illumination overlapped.

Of the materials investigated, 6061-T4 aluminum alloy offered the best fatigue

resistance while ALCOA unprocessed lighting sheet (ii00 H25 aluminum) appeared

to have the best reflectance. Therefore, concentrator structures with and with-
out doublers were made from both materials aultested in vibration.

Structural Stiffness Calculation

The panel stiffness Is in the stiffener direction is nearly independent of the
reflector angle. It was calculated by assuming that one inch of the trough

was effective in bending with the stiffener in the region of the trough, sad

computing the effective (Is) over a single trough-reflector combination by the

equations :

D2-90041-A

Page 9



wheres I t =

Ysr =

Lst =

Lsr •=

moment cfihertiaof thetrough area

moment_oflhertla_Of:_the_t_ffener

length of stiffener across the trough

length of stiffener across the reflectors

For 0.01 inch thick material the values ares

It = 0.000106 in. 4

Isr = 0.000042 in. 4_

Lsr = 0.90 in.

Lst = 0.80 in.

Is = 0.000074 in.4

Wb_ Ic_ value of Is indicatedthat a V-ridge concentrator panel cannot be sup-
r_orued _mly from the hat-section ends in a vibration environment. This becomes

_rent when_Is is compared with panel stiffness in the V-ridge direction (Iv).
\

The panel stiffness in the V-ridge direction was calculated from the following

equation andplotted in Fig. 3. This equation was derived from the concentrator

geomstry previously described.

Iv = ta3sin2_-- (i-2 c°s2_)3 L + 2 _I0s _ _.2 _os2_]3-cos3 + co. - 4 cos2 ] (7)

where t = material thickness

For the EOM concentrators,
t : 0.010 in.

a = 0.80 in.
= 60°

Then, Iv = 0.0013 in.4

Resonant Freauenc_

The resonant frequency of the panel vibrating as a cantilever beam was

calculated from the classical solution for a vibrating uniform beam and

is plotted in Fi_. 4. The resonant frequency of the panel Vibrating as

• _ipih_%_d_d_bes_s_!pldtted_ in;Fig_:5%_ The resonant beam frequency is

The # _:

1. Cantileverbeam ! = 1.875/L,

2. Fixed ended beam_ = 4.77/L.

3. Pin ended beam _I = 7T'/L,

where, is the solution from the transcendental equation

resulting from the substitution of boundary conditions.

values, where L is in _nches, are: ..;
)

= 4"695/L' _n = (2n-1)7_/Pl, n_ 2

_2 = 5 7T/2L, _n = (2n+l) 7"//2L, n_2

#2 = 2 .TT/L, @n = n_L



i

CALC

CHECK

APPD

_PPD

REVISED DATE

/

U3 4036 3000 (WAS BAC 9730-R3) REQ 10388

'v

J

PANEL ST_FF NESS .,'IN

REFLECTOR; DIREETIOI, I
j • . '_ " ; )

i i | i

BOEING AIRPLANE COMPANY

I ,

1

D2-900AI

,AG,i l

I-?000



5000

5
U
U-
U-

S, I000

).
IJ

5

lW

• II

0-

, , j

CALC . IEvlSED

CHECK

AP_,D ........

A.p I
1 "

3 4036 3000 (WAS BAC 9730-R3) REQ 10388

t

FIG 4.

D2-90041

l

1-7000



.A

2-5CCC



Then the resonant frequency is,

F= 2_r (9)

For a 60 degree reflector ancle (C_) and structure of 0.OlO inch aluminum,

_ -, 28.6Y, I0 '.', - ,, .' (zo)

Then for a cantileyer beam the resonant frequency .is, :_ ;"

,/

and for a

>

III
f L--_- cps

s'imply _upported,,,.beam _

f,- L _

where L is ir_ ('t.

I:
,,' (iz)

(Z2)

Weight Analysis

The panel weights were calculated _.om th,_ foll_ing equation which was

derived from concentrator geometr, :nd pL_tted in Fig. Ss

W= ----L 1.8_ L
' .. .s,,:Where (P= material density

The first expression is the weight of the reflector panel and the second

is the weight of the associated stiffener divided by the stiffener spacing.

For a 60 degree reflector angle of 0.010 inch aluminum,

[.... ]W= 1001)(0,8o)((l,0£7) 2-1 -_0._ + .I.I I ( 1%27_] )
" • ., • o._ 1.85 :

= 0.'00326 pounds/running inch.

Then the weight per sq. f_. is:

w = i:_ 7: _LI =°"2_3

Normalized Area Calculation

The po_.ler output (P) from the conee_trator s_ructure 'is,:,

P-- (.% + !_Ar) S (14)

Page ]4
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where: Ar = projected act ive;?aiAeaof the'reflectors
Ac = area of solar cells _ _'

S = solar, intensity .

= conversion efficiency of solar cells
R = reflectance of reflectors

/I

The power output (Pc) of a flat non-concentrating structure covered with

solar-cells having the same stacking density is

= Ao g V (15)

where Ao = area of the flat structure.

FOr equivalent power output, equations (14) and (15) are equated:

Ao S.2 = ÷A',*.) S ¢)

The ratio (A") of concentrating structure area to non-c@ncentrating structure

area for equivalent power output is

- ) ÷ Ac

Values of A_. are plotted in Figure _. "

÷Av
A_÷RAr

(17)

The efficiency coefficient (CE)includes the effects of reflectance and stacking
density, and consequently represents the real power increase from a given numb_

of solar cells due to the increased incident radiation peroell f_om the
reflectors.

Use of the area requirement curve (Fig, $) is'i!_atratadbythe following
example| ._,. _........... ...........

A flat panel design requires i00 sq. ft, of panel area to supply the
required power for a given mission, The concentrator design has flat

reflectors with base angles of 60 degrees. The measured CE is 1.90
_ .And_A_.is'f_un_t_,beil,053,_ Them lQS.3_J_',ft_/o_c@nsentrator panel

will be required to replace lO0 sq. ft 0 of flat panel,

_ormalized Weight iCa!culation

The weight reouirement curves (Fig. _) were based upon the area requirement

curves and the weight/sq, ft. curve for tBe comcentrator _tructure including
solar cells and wiring. Auxiliary supporting structure weight is not included.

D2-90041-A
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The total weight (Wcp) of the concentrating panel producing the power output
(P) is

From equation (17),

A_ Ao = Ac + A_

(18)

Where A o = total area _f.non-concentrating panel producingthe power output (P).

Substituting this in equation (18),

Wcp = W A • ,Ao (19)

W* is defined as the ratio _of :£gta,i concentrating panel weight to non-concen-

trating panel area,for equivalent power outputs l
. . J

_.. Ao "_ (20)

Substituting equation (19) _n equation (20)l

, W_ -- WA_ Ao
Ao (21)

The use _f'these curves is illustrated in a oalculstion using the same con-

stants as the previous A_ example. <

Assuming CE = 1.90 and o< = 60 degrees .

Then, W* = 0.56 Ibs/sq. ft.
._

Thus the concentrator panel design total weight wi]l be (0.56) (1OO)-56 Ibs.

Limiting'Strain on Solar Cells

The maximum allowable panel length without solar' ce_l fai_lU_e under static

loading was calc%lated from the followin_ classical equatign _'for flexural

strain8 .... , . ., ._,:,.,_

__M____ "'L
", I E .. 8 IE ..... : (22)

The resulting maximum panel lengths for _arieu_ "g_,_loadings are plotted in

Fig. 9.

The limiting value for_ was found By test to be 0.0003 inches/Inch strain.

T}_us L 2 = (0.0003) 8El
w,'_,y (23)

This was evaluated point b:T point since I, w, and y are all functions of the
e; f_

reflecterang!e (o().For exile)if the loadin_, is_to be I0,. ff and the base an-le.

for the reflc_ctor is _5 degrees, the mexin_m, allo:.Jab]e o_mo_"_." ....o_b_port,,_ length

o,_ co"rugat-'on is 75 inches, from the s_,andpo._n_ of so]ar-c_ strain. _o>,ever,

such an unsuppo_,'ted _encth ,,'ou]._be too ]on_ from a rescn_n', "_"'__....u_.,ncu,stand-

point Therefore resonant Cre_.u_ncv considerations _a+h _ _b-:n _o_-_-c_l

strain limits _ai]]..determine _?_nel sizes. D2-gCO/_!-A



CHGCK

APR

tt 1 1

:' : : :: _ : i_ " "" : : • .............. i.... " '

! l _ : :, t, t::: ;d .t_I_T:_ ! ' _ "'_"_,_^,_]/--_ ---<t-'_ :-:- -t- !.h_i

!_:_::t ii+/, q M I:._ ' i ! E I i i , ' t 7 i i
f/!Ft;:I 7 ; i**:, .I !! 7 :!

:r- -:; 1-.",_:)7_,_i'm'_+-t---- -i--_4-_:_i -t-- --t-- +--4:-_--- if- :_---!--"+"-f--- 7- -]---_--t----:-_---_-4-_---'--f --
' r I ' i ' / } "" N ! --]' 1 I I I I 4 / _ I ' i :F _ :

..........i ,_-_-=-_--zw---_--r---l:"-r---------4-__ t_..--4---?_-r.- __....... [--:7-____-__._t_ ___- ___.. ! ,: i ;:, : : :; ;i:: : ::.1 " . :' : t ! I / ; I' _ ': :-?]'"--::T_-7+- I - " ::--;:-: _" " . _ ...... I " ...... i I I .... ; ! 1 : :.: I : :'.::

-i;.:__;l'i ;:_i_:: :7:i_:, -:-177i_i<17:--:_:l _'t--:_:-'..:: <_.-:!: :--:--7 _--Y:_:->-_ -'_::

:'" *_7- . _::_77!:_-:_-F7.'7-: " 7-7 { ]: :- ;-::f ::: ;: -+-i-:-:: --i: -- .: : -:!--: -:7_::-:x-': :i: ±=': -.....

:. i _ : : ' l:!I ' ::: :: : r-_ ' .i 7 .[.... ......._ _ j . J - I)' 1 + "

. ;--_ i ± i ..... 7--- .... _ _ __ ,i I. _ :

.t_..._ ,. ,:._. _:.:: :- !:., ............. , r . , , . i . , .... : ....

::I ,z- X_ ! : i: I /:: i: 1 i.l :,!, ; tf_'_t/ i !. ' ...-"!". t Y:i,,i !
.........I'] " , - --.:=-"" " -_-:-:--_-_-:4-:-_--- --:-:---.......... ---_-- - _ .........

. ! t " ) I :: : I-=.--" ' i ' ' " ' ' ": ! 1 :

/ :! : -.1:. i :. i :: t:: I !__r ! i _ _ ;l__q: ' I ' " , • , : :!

r:=,',;:- *-.T FW 2; - -a 2- I t "- ............... _- - _ ........ 1- ± " £i_--1 -- L L;L;_ + . _ £L.Z.+ _

7--=:__ L!_L!" _::: ..... " i ' ................ ;: .... -
_::: :. _:!_LL_.t'+:_< ..L_'.._: ....L_:i::i. i;_l_# ) :. : 7!O_. t i F'#1_) :::. _i"l _'
: : i: ::'-__,,_; .... !;.-+i:r:!!_"_::::::--_ q-,-: ::::I :! i :- : :: !--::"7'

' ....... :-: + :,.:., . :, ::..-i _ , I : i , ::i " ]-". I 7,-l--l: !::-::!-7:7-7717:77:77i7::;::

, • ............ ' t_ :::_-::- :- . " .... :_ -- ::" - t .... : . --: " "-7 ...... --_:::. ....

:'i :_: ::-':I': _:--:::-X :.-.i-:;.--:p-::_::::!--.'. -I. :i:::--:-_:: :. : :- .i:::l : : :. :.: .... 4.-.-'-- :--h.:-!..':=:_:_ i

_---' :-- It--+= . ' _ I14---' _ .............. _ -- -,:: :;-4 ...... :-'--= ' - -- _- --L ' ' 4 ' ' " :'

...... I 1 P................. J ...... " i i: :i: ' -: .... _ ......... I .... : •

o,Lc R_,,,,0 <>AT,MAXIMUM ALLOWADLE SIMPLY-
SUPPORTF__..I_ P_I',,IFL L.F_NG-I-I-I FIG cl

__ WITt-4OUT _OLAR CELL FAILU RE
f

THE BOEING COMPANY

) 0 _ __

2() _
1



C. Thermal Analysis "

The steady-state temperature of solar cells and a concentrating structure

in space environment was estimated by a simple energy balance equating the
incoming and outgoing heat_ fluxes.

The incoming flux, qin, is that due to solar radiation incident on a unit
area. The outgoing flux is comprised of the energy reflected back into

space qr, that converted by the cell to electrical energy qe, and to heat

qh, plus that absorbed by the reflecting surfaces of the concentrator q_,
which also must be rejected as heat. Energy balance equation :(24)becomes:

The assumption that all radiating_ surfaces of the cell and structure are in

an isothermal condition permits a first approximation of cell temperature by

substitution of the sum Of fluxes which are rejected as heat in Stefan's
equation;

Q -- o- AE T" (26)

The assumed values of emissivity, [ , and fractions of radiating surface per
unit area, A, are given in the Table below. T is the radiating surface

temperature and O" is the Stefan-Boltzmannconstant.

Surface "
i

Cell cover glass

Back c_ating !

Reflecting surfaces

Assumed Constants

Emissivit_ ..,.'!:'Abso_tivit$

• , 0.78
0,8_._ .'"""i/ _... :".. '. ::'' '.

-.
;,._ _.. _ .. ,

0.75 0.20

Fraction of

Unit Area (A)

0.25

0.25 (back of cell)

0.25 (back of reflectors)

0.25

Thermal Conduc%ivity (Cal/cm-sec-oC) - silicon 0.2; aluminum 0.4.

Solar Radiation (Milliwatts/cm 2) - Mars 47;Earth 140.

Cell Conversion Efficiency - I0 percent,.

Page 21
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From these values the cell tenperature, T, was computed. It was fo_uu! to
be approximately 49oCin a near-Earth space environment and -23°C in a near-
Nars space environment.

An approximation of the temperature difference, aT_ across the cell thick-
heSSwas madeusing the Fourier equation for steady-state unidirectio_al
heat fl_, ..,

Q = KA_. T '
L

In this equation K"is the thermal conductivity of the silicon material, A

is the area and L the thickness of the silicon layer. The application of
Stefan's equation to find the heat r_diated from the cell at the temperature

determined by the first approximation, indicates that about 75 percent of qh
must be transmitted by conduction from the cell to the supporting structure.

This portion of qh would cause an..insignificant temperature difference of
0.006°C across the cell. :

To obtain an approximate structure temperature for a heat rejection computa-

tion, the temperature drop along the concentrator reflecting surfaces from

root to apex was calculated with Eq. (27). The assumption that the heat

rejected from each reflecting surface is directly proportional to its frac-

tion of the projected unit area causes the distribution of 25 percent of qh
to each reflecting surface. The actual value of this aT obtained by calcu-
lation was 4.2°C. The meaneffective reflector temperature using the first

approximation of cell temperature is then about 47°C in the near-Earth environ-
ment and -25°C in the near-Mars environment.

0

A re-calculation of cell temperature using these reflector temperatures in

Eq. 26is then made to determine by difference, the portion of qh which must
be radiated from the cell itself. Re-use of Eq. 27 for calculating the tem-

perature difference from the root to apex of the concentrator indicates the
temperature of the cell would be approximately 50°C near Earth or -22°C near

Mars. This result is nearly the same as that obtained in the first approxi-
mation.

The resulting cell temperature in the concentrator is only about lO°C ',_,_ve
that expected in a conventional panel. To reduce the cell temperature in

the concentrating panel one would try to increase the emissivities of the

radiating surfaces and attempt to reflect away infrared radiation at the

cover glass.

Pa[,e 9o

O 2,_eO0.A]. -A



Do Application of Design Fact_or__s

The contract specifies the design objectives, in order of emphasis,
as follows:

(i)

(2)

(3)

(4)

Electrical-optical efficiency (high concentration ratio)

Minimum weight

Maximum structural rigidity

Reliable electrical connections

It is further required that the specific power ratio be 90 percent or

higher. The specific power ratio requirement is controlling and, for

a given type of reflecting surface, dictates the required concentration
ratio.

The illumination in watts falling upon the solar cells in a concentrating

panel (_:) has two components, the light energy received directly from

the sun (Id) and the light energy received from the reflectors (Ir).
The relation between these components is

Io = Id + 4 (_8)

The power output (P) of the concentrating panel is

P = _l Id+ _2 Ir (29)

Wheres 71 = conversion efficiency of solar cells applicable to
direct-light power output!

_2 = conversion effld_ency of solar cells applicable to
reflected-lights,powers-output..

The reflected-light efficiency term (_2)!)in_!u_..s_three factors that

alter the direct-light conversion efficleno_.(_)_ so that

Wheres _c =

- (30_

factor to account for a chan_ein conversion efficiency

resulting from an increase in the light intensity on the

solar cells.

_t = factor to account for a change in conversion efficiency
resulting from a higher equilibrium solar-ceil temperature.

factor to account for a change in conversion efficiency

resulting from the reflected light striking the solar

cells at an angle.

D2-9004I-A
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The direct illumination falling upon the solar ce].Is is

Where:

Id = AcS (3!)

Ac = active area of solar cells = FI At (32)

S = solar intensity in milliwatts per sq. cm.

FI = factor to account for inactive area in the ceil trou[Nh
due to wiring and cell mounting allowances

At = gross area of cell trough.

Substituting equation [32!)_n equation (31):

• Id = FlAtS (33)

The illumination falling upon the reflectors (IR) is

IR = ArS (32_)

Where: Ar = projected area of reflector

Illumination reflected to the active solar-cell area is

Ir = F2 K R (B6

Where: F2 = factor to account for loss in reflector area due to

bending radii, cell height and inactive space between

cells in trough;

K = factor to account for light scatter resulting from

manufacturing variations;

R = reflectance of reflector surface.

Substituting equation (31) in equation (35):

= S
Ir F2 K R Ar

Substituting equations (33) and (36) in equation (29):

P = _lFl AtS +_2F2 K R Ar S

= S[_IFIAt + _2F2 K R ArS

= AtSI_IFI + _2F2 KR A_

(36)

i

(37).



The po%Je_ output of a conventional flat panel (Pc) having the same

total projected area as the concentrating panel (At + Ar) is

Pc = _lSF3 ( At + Ar) -_

= _lSF3 At ( 1 + Ar )
tz-

(3S)

Where: F3 = factor to account for wiring and cell mounting allowances.
This was set at 85 percent by the contract.

P

The specific power ratio (SPR) by definition is

SPR =P_P
Pc

Substituting equations (37) and (38) in equation (39):

Sm= At S [_IF1 + _2F2ER_tJ

_ISF3At ( 1 + A__r)
At

(39)

_IFS (I + A__r)
At

The power concentration ratio (_) is defined as the ratio of the power
output (P) of a concentrating Panel to the power outputof the solar

cel_s without concentration, i.e., with reflectors shadeds

Cp =_IFIAtS_+ _ 2F2ERArS, r
_iFIAtS

= 1 + _'_ 2F2KRAr (il)

_IFIAt

D2-90041-A
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To design concentrators, it is necessary to establish values for the
d6s_gnfactors. Someof these factors had to be evaluated by special
tests which are described in Section IV. Others were determined by
calculation or estimated.

direct_ight_conversion efficiency of the solar cells at
space-level solar intensity, which was established to be
I0 percent from the manufacturer's rating at 140 milli-
watts per sq. cm.

I00 percent, since preliminary tests showedthat the
quantumefficiency of gridded cells does not decrease as
the light intensity is increased within the applicable
range of light intensities. (See Figs. 12 and 14)

_t = I00 percent, since the temperature effects are not to be
considered in this contract.

_o = 98 percent, since tests showedthat the quantumefficiency
is reduced by 2 percent for oblique light at a 60° angle
of incidence.

_2 = reflected-light conversion efficiency, which equation (30_
specifies to be the product of the above four factors|

_2 = (O.10) (1.O0) (i.00) (0.98) = 9.8 percent

The area factors F1 and F2 must be calculated. The sketch showsthe
parameters which affect these area fac%ors. The overall dimensions of
a 5-cell shingle are 0.788 by 1.80 inches, while the active portion of
the shingle is in effect 0.788 by l.75 inches. Since the cells are
interconnected on the back side of the panel, a spacing of O.lO inch
between shingles is adequate for the wiring. Thus, a 5-cell shingle
with wiring will occupy 1.90inches 6_trough length. Becauseof
concentrator and cell tolerances, it is necessary to make the trough
somewhatwider than the shingle. A trough width of 0.8 inch was found
to be adequat_With these data FI can be evaluated from equation (32)
on a per-shingle basics

Ac
F1 = A--j= (o.8o)(1.9o)

= 0.91

The spacin_ factor for the reflectors (F2) is more involved. A bending

radius of O.OlO inch _s used in forming the aluminum sheet. It was
assumed that the reflector area at the bend lines is ineffective. With

the 0.O10 inch bending radius, each of the two bends required for a
facet will consume about 0.009 inch of the projected width of the

reflector.
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&nother loss results from the cell surface being above the tr:ou_h. With

a bonding layer 0.003 inch thick,the cell surfaces will be at an

average of 0.033 inch above the trough. The light reflected intothe

crevice between the cell and ref_ctor will be lost. This will reduce

the projected width of each reflector by O.O30 inch.

The loss in usable projected width of each of the O.4 inch wide

reflectors is therefore O.O18 + 0.030 = 0.048 inch. The ratio of

usable projected reflector width to actual projected reflector width is:

o._oo - 0,,P48 = o.88
0.400

The reflector will illuminate thzcomplete trough length, although active

ce]l area occupies 1.75 inches of each 1.90 inch illuminated. The ratio

of usable reflector length to actual reflector length _s therefore:

1.75 = D.92
1.90

The reflector area factor (F2) is the'product of the widtb and length ratios:

F2 = (0.88)(0.92)= o.81

The reflectance (R) of an aluminized lacquer surface was found by

measurement to be 0.82 in the part of the _ectrum _n which the solar

ceil is sensitive.



The scatter factor (K) was estimated to be 0.97, since it was not

possible to determine this factor until after the models _ere built.

Substituting the above values into equation (AD) for specific power
ratio gives

• Ar
(0.10)(0.91) + (0.098)(0.81)(0.97)(0.82) _ At

sm = .. (O.lO)(O.85)(1+*r
...... rt)

• Ar (_,) -
= o.o91+ (o.o63) 

Ar
: (0.085) .(,l_,_U0 .:_,,/ . ._

_i,", _

Equation (42)_ can be solved for_A'r/At by setting SPR = 0,90, which is
the contract requirement for CS-I. It wil_l be found that with the

above constants, an SPRof 0.90 can be obtained only with an Ar/A t

of 1_08 or less. _Once the Ar/A t ratio is established; the power
eoncentration ratio can be computed from equation ,(:_).

lop --1 + (0.098)(0.8_1)(0_,97)(0:82)(1".08)
., (on0Xe 91) ' :

'_' = 1,75 '"'

An Ar/A t ratio of 1.0 was chosen for E0M and CS-I concentrators.

An Ar/A t of I.O corresponds to a reflector angle of 60° which is close

to the optlmumas is shown in Section III-A.
0

The above analysis was performed at the beginning of the contract

period using available information and some approximations in order

to arrive at an Ar/A t ratio for prototype and E0M concentrators.
Subsequent tests and observations _u_gest changesin some of the

factors. For example, JPL has observed that 92 percent would be more

realistic for the area utilization factor (F3)o Also, recent tests
on the gridded lO-percent efficient blue-sensitive cells used in the

concentrators show an increase of 6 percent in conversion efficien_y

for the applicable increase in intensity. This makes factor (_c)
= 1.I5. Furthermore, improved wiring techniques developed for the

CS concentrator allow a closer spacing of the solar-cell shingles in
the troughs. This changes factor (F1) to 0.93 and factor (F2) to 0.83.

/'



IV. BASIC INVESTIGATIONS

It was necessary to develop certain design criteria before the analytical design

could be made. These design criteria were developed partly in the course of Boeing

research prior to the award of this contract, and partly during the contract dura-
tion. The development of design criteria involved investigations into the per-

formance of solar ceSls in high light intensities, the performance of solar cells

and cover glasses under non-normal Incident light, the effect of curved reflectorsj

and the refleotances of possible reflectin_ surfaces.

A. Solar-Cell Performance a_ High Light Intensities

The efficiency of solar ceJls irradiated at illumination levels from 50 to

500 milliwatts/sq, cm. and at temperatures from 17 to 45°C was measured. Both

gridded 13-percent nominal efficiency and lO-percent non-gridded solar cells

of_thb_ebn*entional type were tested. Also, the efficiency of Hoffman blue-
_ sensitive solar cells under _[ifferent light intensities has been measured

in Boeing research;

illumination was provided wi_h a light source (Fig.YO) which employed a

diffusion screen for controlling illumination intensity. Cell temperature

was controlled with a water-cooled cell holder. Accessory equipment in-

eluded variable cell-output resistors, instruments for measuring cell

current and voltage, an X-Y plotter for tracing voltage-current curves, and
a precision pQtentiometer for monitoring the cell temperature-sensing thermocouple.

The uniformity of the illumination at the cell holder was measured with a cell
fragment. The results of this check are shown in Fig. II where relative flux

as represented by short-circuit cell current is shown at three levels of
illumination. The illumination variations over the cell holder area which is

normally occupied by the test cells were quite small, especially at the lower
illumination intensities. It should be noted that the lamp and diffusion screen

arrangement is not a collimated li_t s_u_ua. However, since the Flux was uni-

form within one percent at the lower levels of illumination and in the order of

iO percent at high intensities, the results were considered $_ be as signifi-
cant as if a collimated source had been used.

The distance between the diffusion screen and the light source was adjusted
to achieve the desired illumination at the test cell. The cell temperature

was establlbhed with constant-temperature water circulating through the cell-
holder. After equilibrium conditions were reached, the cell-output resistance
was varied from zero to infinity to obtain a voltage-current(V-I) curve.

Fluxes from fSO_ : to _ 500_ _i_ milliwatts per sq. cm. were used in increments
as small as 25 milliwatts/cm 2.

The point of maximum power on each V-I curve was established with the aid of

a transparent overlay on which curves of _onstant power versus current and
voltage had been plotted.

The data obtained from the V-I curves were reduced %o plc_s_ of efficiency
at maximum power output versus illumination intensity (Fi_s. I_ and 13). It

is interesting to note that the maximum efficiency points of the gridded cells

occurred at higher illumination levels than maximum-efficiency points of the

non-gridded cells. Maximum efficiencies were achieved for gridded cells at

illumination levels greater than direct sunlight in a near-Earth space environ-

ment. The efficiency of _ridded cells is consistently high through the
illumination range up to and above a concentration ratio of two. The non-

gridded ceils show a definite drop in efficiency for illumination levels

experienced in a near-Earth space environment as compared to the efficiencies

obtained with Earth-surface intensities. The effect of temperature on cell

efficiency agrees with published data.

D_-90o4] -A
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It is necessary to compare conventional solar cells with the new blue-

sensitive cells fron the standpoint of efficiency as a function of light
intensity. In Fig. 14 is plotted the efficiency of a blue-sensitive cell as

a f_nction off light intensity. This _s representative of data obtained in

rec&nt tests. _• It will be noted that the efficiency improves with light

intensity up to 300 milliwatts per sq. cm., and that the drop in efficiency
as light intensity is increased from 300 milliwatts per sq. cm. to 500
milliwatts per sq. cm. is not si[nificant. The blue-sensitive cells

appear to be definitely better than conventional solar cells for appli-
cation to concentrating photovoltaic power sources.

From these test results it is apparent that the use of gridded cells is

feasible for concentration ratios of two and higher if cell temperatures
can be kept low.

Solar-Cell Performance with Non-Normal Incident L%_ht

A solar cell in a V-ridge concentrator is illuminated by both normal

incidence light from the sun and non-norma] incidence light from the

reflectors. The performance of a cell under normal incidence light is
well understood. On the other hand, no usable data on the performance

of a solar cell and cover-glass combination using non-normal incidence

light could be found in the literature. Since the V-ridge concentrator

depends upon reflected light to increase solar-cell output, the relation

between incidence anFle of the illumination and conversion efficiency of
the cell is important.

Initial investigations were directed toward determining the cover-glass

transmittance and the solar-cell output as a function of angle of

incidence of the incoming light. For example, spectral cover-glass

transmittance was measured to confirm data furnished by Optical Coating
Laboratory, Inc. (OCLI) (Fig. 15), and Bausch and Lomb.

It soon became apparent that independent measurements of cover glass

and solar-cell performance were of little value. For example, the
installation of an @CLI cover _lass on a 13-percent efficient solar cell

illuminated by a zirconium lamp caused an 8-percent drop in solar-cell

output. A drop in output of about 16 percent _ould be expected based

on a 92 percent transmittance of the cover glass in air, and an 8 percent
loss in short-circuit current due to the reflection of wavelengths shorter

than the cutoff (0.45 microns). The failure to observe the expected loss

suggests that the transmittance of a cover glass in air does not apply
when the glass is bonded to the cell.

This observation was confirmed in tests with 4-percent efficient solar
cells. Here, the presence of an OCLI cover glass resulted in a re-

duction in output of less than 2-1/2 percent. This low loss of output
can be explained by the fact that these low-efficiency cells have little

response to radiation of less than 0.450 microns wavelength.

It appears that while the cover _lass has a 9irst mu-face reflection loss

at YJavelengths greater than 0.450 microns wavelength, the bare solar cell

also has a surface reflection loss of abo_it the same magnitude. IIo_everp
in the assembly, the cover glass_ epoxy bending cement, and cell surface

were apparently _el] matched in index of refraction and the only sif_nifi-
cant reflection loss in the e'mbination occurred at the surface of the ©over
glass.

_9_..-90041-A
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Attempts to confirm this supposition directly have been frustrated by

the difficulty of measuring the index of refraction of the solar-cell

surface.

In subsequent tests, solar-cell output _s measured as a function of

angle of incidence of the uniform-intensity incoming light. _lese

measurements were made _ith cells having nominal efficlencies of 4 and

13 percent, and with and without 0.006 inch thick cover glasses.

The test setup is shown in Fig. I_. The light source was a 25-watt

zirconium-arc lamp located at the focus of an achromatic lens. _le lens

_as stopped down to insure that the beam was collimated and uniform in

intensity. The cell was mounted on a rotatable test stand having an

engine-divided quadrant.

The results of these tests are shown in Fig. 17_ 18j 19:_ and _0. Note

that in general the short-circuit current of an uncovered cell approxi-

mated a cosine curve, as is generally reported in the literature. With

three of the four cells tested, the short-circuit current _as about 2

to 30 percent less than the cosine curve. The larger deviations occurred

at the larger angles of incidence. In one cell (No. 4) the short-circuit

current was coincident with the cosine function until the incidence angle

reached 55 degrees and became less than the cosine function for larger

angles.

It should be noted that cell output was measured in terms of short-circuit

current. It is a well established fact that in a given cell e_ci; short-

circuit current defines a volt-ampere curve, and hence a max_._w,t power

point. Thus a higher short-circult current in a given cell indi( ,tes that

a higher maximum-power point is available.

The installation of an 0CLI cover glass (No. 207-SCC450-2) on a solar

cell produced an interesting effect. At normal incidence, the presence

of the cover glass resulted in a 2 to 6 percent decrease in short-circuit

current. _ _explained abov@, this decrease is caused by the_reflectlen

of radiation having _velengths less than 0.450 microns by the cover

glass. However, as the incident angle increases, the OOLI cover glass

has the effect of increasing the output of the cell relative to the

output of an uncovered cell. The two curves cross between 20 and 50

degrees angle of incidence. At larger angles, the short-circult cur-

rent of the covered cell more closely approximates the cosine _kmction.

For example, at 60 degrees the short-circuit current of the uncovered

13-percent cell is lO percent less than the cosine function, lion,ever,

the same cell when covered with an OCLI glass has a short-circuit cur-

rent that is only 2 percent less than the cosine function. This is

significant because it means that the conversion efficiency of the

covered cell, illuminated with oblique light having a given energy-

content, is only slightly less than it is with the s_ae light energy

at normal incidence. The cause for this behavior has net been fully_

established, but it appears to be a result of the anti-reflectance film.

The Bausch and Lomb cover glass (/_3722) did not exhibit this behavler.

The output of a cell with this glass _as reduced 6 percent at nom_l

incidence and remained about 6 percent below that of the uncove_.ed cell

for all angles of incidence.
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The results of this test are important because they show that with a

multiple dielectric coated cover glass such as the OCLI No. 207-SCC450-2,

the cell can utilize obliquely incident light with only a smut1 penalty

in conversion efficiency. However, with an OCLI cover glass the cutoff

point shafts to a shorter wavelength for oblique light (Fi_, 15). For
example, the cutoff-point wavelength is O._O microns at normal incidence

and 0.390 microns at 60 degrees angle of incidence. _his shift could

cause degradation in the bonding cement under space illumination since

more_ultraviolet will reach the epQxy. Howevert according to OCLI, a

cover glass coating which will not have this shift could be specially
designed for application in Concentrating structures. The cost of

developing such a new coatimg i| nbmi_a_,_.

CO Curved-Reflector Analysis

The limiti_ mencentrationratios obtainMblewltha V-ridge concentrator

having flat reflectors are well understood and are discussed in the

Appendix. _ _ere is also the possibilityof using curved reflecting sur-

faces. An example of a curved surface Is an off-axis parabolic cylinder.
Such curved surfaces could produce higher concentration ratios, and

hence higher output from each solar cell. With _areful thermal design

it would be possible to keep cell temperatures low by utilizi_the
increased concentrator area for heat radiation.

The c0hcentratien ratios possible with different reflecting surface

shapes have been calculated. _ne surfaces investigated were parabolic,

hyperbolic, and circular ey_hders, and combinations of these curvatures
with a flat surface. The restrictions placed on each;shape were that

it illuminate the entire solar cell and that the reflector height be
2 inches. _e refleetor heightwas arbitrarily chosen.

The results of this analysis are summarized below:

Ref!ectorlSh_._e Maximum Theoretical Concentration_

Two Reflectors_ 2 Inches High......

Flat 2,60

Parabolic Cylinder 3.60 •

Combination, flat surface and

parabolic cyliner 3.65

Circular Cylinder

Combination, flat surface and

circula_cylinder

3.69

3.70

It should be noted that the above concentration ratios are based on

ideal surfaces having lO0 _ercent reflectance. The reflector height

was not optimized to give a maximum concentration ratio-to-_eight ratio.

The circular cylinder appears to be the best shape since it is easiest

to fabricate and gives nearly the maximum concentration ratio. _le

dimensions of a circular-cylinder concentrator _ich would have a con-
centr_tion ratio of 3.65 underideal conditions are_sho_ below:
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The limited duration of this contract does not permit further investi-

gation of curved-surface concentrators. The techniques and tools

developed for bending flat-surface concentrators obviously would not

be usable for curved-surface concentrators.

Reflecting Surface Selection

Forty-eight samples of reflective surfaces were tested in an evaluation

program. T_ro types of tests were performed, with some samples receiving

only one type of test and others receiving both types of tests.

In one test, the specular reflectance was measured at various angles of

incidence with a monochrometer and goniometer (Fig. 21). The resulting

data were in the form of spectral reflectance. Typical results are shown

in Figs. 22 and 2S. In order to use these data, they must be expressed in

terms o_ a total specular reflectance as seen by the solar cell. This

total reflectance is defined as the ratio of the radiant energy reflected

from the surface to that incident upon the surface---both quantities being

measured with a solar cell located normal to the impinging light. Since

the spectral response curve of a solar cell is not a constant, but instead

varies with wavelength, the total reflectance will be a function of both

the reflecting surface and light source.

To provide data that could be used to predict the performance of the

various surfaces in sunlight, the total reflectance was calculated with

terrestrial sunshine as the light source. This value was obtained by

computing the short-circuit current produced by the sunlight reflected

onto the cell by a sample surface and dividing this by the short-circuit

current produced by non-reflected sunlight. The short-circuit current

produced by the reflected light was calculated by a "step by step" inte-

gration of the product of the spectral response of the solar cell (Fig. 24),

spectral reflectance of the coating (example-Fig. 23), and spectral energy

distribution of terrestrial sunshine in Seattle (Fig. 25). The short-

circuit current produced by the non-reflected sunlight was calrculated in

a similar manner except that the spectral reflectance was taken to be unity

for all wavelengths. The resulting reflectances do notinclude the effect

of non-normal light on the cell and this effect must be considered separately

when analyzing the performance of the various surfaces in the concentrating
structure.

The foregoing test provides data from which the performance of various

reflecting samples in any light source can be predicted. However, the method
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is very te(lious a_d is not suitable for evaluating large nttmbers of

samples. To overcome this difficulty, a second method _as devised.

In this method,the sample is placed in a Somor-type test fixturep

in which the parameters can" be varied (Fig. 26). A 5-cell shingle
in the fixture is illuminated by both direct s_nshine _nd reflected

light from a reflecting-surface sample. The short-circuit current _s_

observed both without the sample and _ith the sample placed at varlous

angles. Actual concentration ratios are then calculated from the

observed short-circuit current readings. The apparent reflectance _m _

calculated from these ratios by considering the relation between the

projected area of the active reflective surface and the reflector angle.
The apparent reflectance obtained from these measurements includes the

effect of non-normal incident light on the cover glass and cell. Howeverp
supplemental tests described in Section IV-B have shown that this effect

is small - about 2 percent at 60 degrees is. the reflectance values

will be veryclose to actual.

The reflective surfaces tested in the evaluation program included

samples from the following sourcest

I. Kaiser Aluminum and Chemical Corp. - several samples

of 5252 alloy with reflective surfaces obtained by

various methods of buffing, polishing, dipping and

anodizing,

. Reynolds Metals Company - several samples of 5657 alloy

with reflective surfaces obtained by various methods of

buffing, polishing, and anodizing.

. Aluminum Company of America (ALCOA) - several samples

of ALZAK (a commercially available reflector material),

with various finishes and one sample of unprocessed

lighting sheet.

4.

.

Optical Coating Laboratory, Inc. (OCLI) - one sample

consisting of aluminum and 3 proprietary coatings

deposited on polished glass.

Boeing - severaS samples of clad 7075 alloy and 6061

alloy with reflective surfaces obtained by various

methods of buCfing and polishing; several samples of

vapor-deposlted SiO-AI on polished glass, and several

samples ef alumlmzm vapor-deposited on lacquered 6061

alumim_ alloy.

Six samples showed up cons_erably better in the reflectance tests than

any of the remaining samples evaluated. Test results for these samples

are shown in Fig .. _7_

The OCLI surface performed very well in the reflectance tests, but the

specimen was on a glass plate. O_LIhas now deposited a similar surface

on aluminum, and this new surface is being evaluated. The OCLI surface

could not be obtained on aluminum in time to be used in the concentrators
for the JPL contract.

It was not possible to purchase polished Kaiser 5252 al_inum sheet ....

because Kaiserts entire production of this material is committed to the

automobile industry. D2-90041-A
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CONCENTRATOR TEST FIXTURE FOR EVALWATlNG REFLECTIVE 
SURFACES 

5 l  FIG. 26 ’ 
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ALCOA unprocessed li_ht_nc sheet was purchased for a prototype ooncen-
tratorcbut it was found to lack the reflectance that the tested sample

had sbo_m% This sheet had been custom rol]ed to the lO-mil thickness
specified by Boeing, and the rolling process had degraded the surface finish.

This material still remains very promising, but high-quality sheets could
not be obtafned in time to use in the concentrators for the JPL Contract.

However,_quotations are being obtained for hlgh-quallty unprocessed lighting

sheet in_uantity sufficient for future concentrator fabrication.

The Boeing\aluminized lacquersurface (see Section VI:') on 6061 alloy

was usedSn_he EOM-IA and EOM-2A concentrators. The same surface on
the ALCOA_u_processed lighting sheet described above was used in both

the EOM-IB, EOM-2B and CS-1 concentrators delivered to JPL°



V CONCEhFRATOR DFSYGN

The contract requires that three concentrators be designed, built, tested_

and delivered. Two of these concentrators are called "Electrical-Optical
Models" and are designated EOM-I and EOM-2. The third concentrator is called

"Type Approval Model" and is designated CS-1. The design of these three

concentrators is described in this section. In addition, a design approach

to a larger 20-sq. ft. concentrator is presented.

A. EOM Concentrators

Each of the two 9-inch by 9-inch EOM concentrators has 45 silicon solar

ceils. The EOM-1 concentrator has nine 5-cell shingles, installed in

three troughs. The other concentrator is designated EOM-2 and it has

three 15-cell shingles installed in three troughs.

The EOM concentrator design was based on the analysis of design factors

discussed in Section III, and experience with 9-inch by 9-inch proto-

type concentrators. From these considerations the following design
criteria were established:

I. Nominal obtuse angle between plane of solar cells and

reflecting surface - 120 degrees.

2. Bending-brake setting for obtuse angle between plane of

solar cells and reflecting surface - 120 degrees.

3. Apex angle, nominal - 60 degrees.

4. Bending-brake setting for apex angle - 53 degrees.

5. Number of troughs - 5

6. Structural material - ALCOA unprocessed lighting sheet,

H-25 temper.

7. Thickness of structural material - 0.010 inch.

8. Reflecting surface - aluminized lacquer.

. Type of solar cells - Hoffman, blue-sensitive silicon solar

cells, lO-percent efficient when illuminated with the

solar spectrum and intensity present with zero intervening

air mass.

The reason for making the apex angle and the angle between solar cells

and reflecting surface other than nominal was to avoid convex reflecting

surfaces. With a convex reflecting surface it is possible that nmnu-

facturing tolerances will cause some oF the reflected light to miss the

solar cells. On the other hand, with a slightly concave reflecting sur-

face all of the reflected light will be directed to the solar cells.

The material thickness was established by structura] considerations. It

was also the minimum thickness in which unprocessed li_htin_ sheet could

be obtained from ALCOA, the supplier. The reflecting surface selection

was based on the test results described in Section IV.

L_2-90041-A

Pa_e 54



The resulting EOM concentrator design is shown in Fig. 28.

B. CS-I Concentrator

The contract requires that the CS-I concentrator be lO inches by 18 inches

in size and contain 100 high-efficiency solar cells. The remaining solar-

ceil area is to be filled with material that closely simulates the solar cells

in mass. Actually, low-cost, low-efficiency solar cells were used to fill
this remaining area.

The CS-I concentrator design was based on EOM concentrator experience and

test results. The final design, as approved by JP_ is shown in Fig.
and incorporates the following features:

I. Nominal obtuse angle between plane of solar cells and reflecting

surface - 120 degrees.

2. Bending-brake setting for obtuse angle between plane of solar

cells and reflecting surface - 118 degrees.

3. Apex angle, nominal- 60 degrees.

4, Bending-brake setting for apex angle - 56 degrees.

5. Number of troughs - I0

6. Number of cells in each trough - 25, arranged in shingles

of 5 cells per shingle.

7. Number of troughs with high-efficiency cells - 4

8. Type of high-efficiency solar cells - Hoffman blue-sensitive

silicon solar cells, lO-percent efficient when illuminated with

the solar spectrum sn@imtensity present with zero intervening
air mass.

9. Number of troughs with low-efficiency cells - 6

IO. Solar-cell connections - each of the high efficiency shingles

is connected in series with the other shingles in its troughj j
and in parallel with shingles in the other active troughs.

The low-efficiency shingles are electrically inactive and are

notconnected. _orpower purposes, They are used for structural evaluation.

Ii. Structural material - ALCOA unprocessed lighting sheet, H-25
temper.

12. Thickness of structural material - 0.010 inch.

13. Reflecting surface -aluminized lacquer.

14. Actual size - 10.67 by 18 inches.

15. Actual weight of concentrator, without solar cells, cover glasses_

adhesive or wiring -G_451 pounds or 0.339 pounds per sq. ft.
i

D2-90041o_
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16. Actual weight of concentrator, with cells, cover glasses,

adhesive, wiring, and strippable protecting lacquer coating

- 0.768 pounds or 0.575 pounds per sq. ft.

The angle between solar cells and reflecting surfaces and the apex

angles were altered from the EOM design because it was found with

other experimental, concentrators that the 56-degree and liB-degree

angles were more satisfactory. The angles used in the EOM con-

centrator actually resulted in each reflector illuminating about

two-thirds of the solar-cell area. This non-uniform illumination

apparently does not affect solar-cell efficiency. However, more

uniform illumination could be obtained with the angles selected

for the CS-1 concentrator, and the resulting reflecting surface

was still slightly convex.

The structural material and reflecting surface selections were

based on EOM concentrator experience and availability. Alternate

reflecting surfaces Could not have been obtained in time to permit

manufacture, test, and delivery of the CS-1 concentrator on smhedule.

The weight of the CS-1 concentrator without solar cells, cover glasses,

adhesive or wiring exceeds the contract requirement of 0.4 pounds.

The excess weight is attributable in part to the weight of the film-

forming lacquer, and in part to the excess of hat-section stiffeners

that resulted from a stiffener spacing of 1.85 inches. This close

spacing was adopted because the stiffener sides formed an excellent

Supp_ rot the pea_lel_ strips which are further described in

Section VX, and hence a s1_Ifrener was located approximately at each

point,where _wo so.l.ar-cell shingles were abutted, and also at each

end of the rows. The dimensions of the concentrator were such that

two stiffeners had to be located very close together at the edge of

the concentrator. The result was that the CS-I concentrator had more

stiffeners tha_ were structurally necessary. In a larger concentrator

it would probably not be necessary to parallel the solar cells at the

end of every shingle i so the number of stiffeners could be reduced.

Ce Larger Concentrators

The studies and tests described in this report provide criteria with

which larger concentrating photovoltaic structures can be designed.

It is interesting to explore the preliminary design of a concentrator

that would produce as much power as would be produced by a non-concen-

trating solar-cell panel which is trapezoidal in shape lwith outside

dimensions of 52 inches by 68 inches, and having an area of 20.5 sq. ft.

Example of Lar_er Concentrator Design

From Section III-B it can be established that the minimum weight con-

centrating panel design incorporates a 63-degree angle between the

plane of the solar cells and the reflecting surfaces. The attainable

coefficient of efficiency CE is at least 2.00, giving a value of 0.560

for W* from Fig. 8. Therefore, the Concentrating panel weight will be:

W*A = (0.560) (20.5) = 11.5 ibs.

The panel area will be :

A*A = (1.057) (20.5) = 21.7 sq. ft.
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The resultant panel can be 52 inches wide by 60 inches long. It is assumed

that the panel will besupported from the vehicle by hinges along the 52-inch

dimension. Thus, the spars of the panel should terminate at the 52-inch edgep
and should extend in the 60-inch direction of the panel as shown in Fig. 29-A.
The panel corr_igations will then lie in the 52-inch direction.

For structural integrity, the resonant frequency of the subpanels within

the main 52-inch by 60-inch panel should be higher than 250 cps. Thereforep
the maximum overhang of the corrugations beyond the two outer side spars
(Ll) will be approximatelys

L12 = 6Cf/250 = (0.54)(ln)/250 = 0,240 (43)

LI = 0.50 ft.

Onthe other hand, the maximum span across which the corrugations
can extend as fully fixed end beams will be:

L22 = 4 6 Cf/250 = 960/250 = 3.84 (44)

L2 = 1.96 ft.

Thus, two interior spans and two cantiler spans are needed. The total

possible width is

2 x 1,96:ift. + 2x 0,50 ft. = 4.92 ft,

The assumed panel width is 52 inches or 4.33 ft. The span lengths
proportloneddownto the 4.33 ft. width ares

Interiors 1.96 x.4m//_ = 1.72 ft.

4.92

Oantileverl 0,50 x 4,33 = 0.44 ft,

4.92

The loading on the spars will be unequal because the middle spar supports
1.72 ft. of panel width while the exterior spars support only 1.30 ft.

of panel width each. Therefore, the stiffness of the central spar must be
greater than the stiffness of either of the exterior spars.

The load on the interior spar will be!

1,72 x 0,530 = 0.910 Ib/ft. of panel length

For the exterior spars, the load will be s

1.30 x 0.530 = 0.689 Ib/ft. of panel length.

The spars will be supported by an actuator mechanism at 24 inches from the

inboard end. The resonant frequency (from Eq. 9)is defined by!

f = EI/m
2SN

where the parameter _ is evaluated from considerations of boundary

conditions.
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For the propped cantilever with the sunport at 2/5 of the length,

the parameter _ has a value of 8.00_.

Therefore,

f = _ 64 .....

2 _ "L2'

Assuming a design resonant frequencv of 4 cps)

EI/m = f2 _2 L4 = ]6 q_2 (60)4

(32) 2 (32) 2 (45)

,For the grade of aluminum proposed, E = 107 . Then

i =,m (16
! (32)(32) x I03

• loiS= m x 194 x = 0.2 m

It i_ now necessary to assume %he mass of the spar and load at some

value per unit length. For the interior spar this mass is assumed '
to be: !

m = 0,910 + 0.509 = 1,419 slugs/inch.
12 x 386 12 x 386 12 x 386

Thenl I = 1.419 x 0,2 = 6.11 x 10 -5 in. 4

' ' .' " ' 12 x 386

iThe above calculation based on a 4 cps resonant frequency establishes a

moment of inertia so small that it is not the significant criteria of

spar design. Therefore, the supporting spars need be designed to the

criteria of having enough torsional stiffness to limit rotations at the

panel-to-spar Joints.

!A reasonable torsional rigidity would be I0 times the flexural rigidity

of the total number of corrugationsbetween the point oH thespar and

ithe free end. Therefore, the torsienal rigidity of the spars should be

I0• x 26,000 in. 2 lb. at the free ends and I0 x 39 x 26,000 in. 2 lb. at
the inboard ends.

Torsional rigidity

at free end should be:

= 0.0675 in. 4
I_ = 26,000 iX 2.6 x IO

107

at the inboard end should be:

I# = 39 x 26,000x 2,6x
107

= 2_64 in. 4

l

•( Sa)

X
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The sections shownbelow were assumed

Y

X

FREE _-,,,VZ}

w

_./'_

3_-
{'3"--

I
//VSd_RD

IY

_3
t sI I

m "--'-4 -- --

END

×

Ixx 2.66 t

ly_ 7.0 t

Ip 9.66 t

Ixx 66.7 t

INy 55.8 t

Ip 122.5t

(I/_ is rotational moment of inertia)

The thi_ of the metal in this formed spar should be:

t = (2.64)/122.5 = 0.021 inches

The nearest standard metal thickness is 0,020 inch.

Then, the weight of each spar will bet

W s = (0,097)(0_020)(60) ENean Areaj

= o.n7 12,22 =2 1.981bs.
F

The total weight will be approximately:

W t = Panel weight + spar weight

The panel weight is a product of the panel area, 21,7 sq. ft., and

the specific panel weight oC 0,53 Ib, per sq. ft. from Fig. 6.

W t =[0,530 x 21,7_ x 1.98]

= 17.46 pounds.

Thus, it appears that the use of the concentrator offers not only an

approximately 50 percent cost reduction because of fewer solar cellsp
but also a construction that is about 40 percent lighter when com-

pared with a nonconcentrating solar-cell panel, The concentrating

panel _dll require 5.2 percent more area than the nonconoentrating

panel for a given po_er output.
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VZ.. MANUFACTURING

_he coneentrating_strue_res are fabricated in four,major Steps:, (1) the

parts are formed/from aluminum sheet stock, and spQt-welded together,
(2) the reflecting surface is applied, (3) the zelar-celY shingles are

cemented to the _panel, an_ (4)t_e_Shingles are_wlredl in series,parallel.

These steps are<described in respective order ....

I.. Forming and, Weldin_

Each panel is composed of hat-section stiffeners'andlthe sheet of

aluminum which forms the trough and reflecting facets. In early

panels a strip ef.a&t_minum was welded to each hat:,section te form a
box beam. "This'reinforcement was abandoned after -vibration ..tests

showed the concentrators were rigid enough without it.

The_h_t sections are made from the same aluminum and thickness that

is used for the rest of the panel. The flanges of the hat section

are made by a hydroform and brake die operation as shown in the fol-

lowing sketch:

_ifirst step is to hydroferm the flanges as shown. The secomg step
with the brake _ie forms the channel shape. The tools used for _he

hat,section are shown in Fig. 30_

The reflecting facets and troughs are formed by brake forming a con-

tlnueus sheet of alumim_. A precision Jig is used for marking the ben_

lines with punch marks. The V-ridge surfaces are then formed in a

precision, haud-operated brake die as shown below:

The bend angle is controlled with accurate steps on the brake die. The
brake tool contacts the aluminum only about 0.05 inches on each side of

the bend, thus minimizing the damage to the reflecting-surface substrate.
The brake die is shown in Fig. 3i_

The bends are made one:_ta time, progressively across the sheet. Care

is taken in the forming and handling to avoid contact with the reflecting

surfaces. Following these forming operations, all parts are chemically
cleaned te remove dirt and surface oxide. The hat-section stiffeners

are then spot-welded to the back of the concentrator as shown in Fig. _2.
In this operation a special weld-Jig hol_s the reflecting surfaces in

proper position.
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Reflective Surface Preparation

The steps in preparing an aluminized lacquer coating ares

io The aluminum panel surface is thoroughly degreased, and flushed

with solvents such as acetone and toluene to wash off all dust

and foreign particles.

5 The lacquer (DuPont Dulux Clear Metal Finish RK-5752) is carefully

filtered to eliminate dust and other particles. A solution of

2 parts RK-5752 to i part thinner (DuPont T-8911) is prepared.

Q

4.

A thin film of this lacquer is applied to the aluminum reflecting

surfaces. The concentrator is placed with the trough nearly

vertical and the thinned lacquer is flowed over the reflective

surfaces with an eye dropper from the top edge.

The panel is kept vertical and in a clean environment until the

lacquer is dried.

5. A second coat of lacquer is applied by the same procedure.

6. After the lacquer has dried, the panel is baked in an oven at

280 ° ¥ f0r 30minutes.

7. _he panel Is then placed in a vapor-deposltion chamber and coated

with aluminum.

8. A strippable lacquer (3-MEC968) is sprayed on the concentrator te

protect the reflecting surfaces during subsequent cell installation.

The most difficult problems have been keeping dust particles out of

the film and minimizing the roughness of the aluminum substrate.

The strippable lacquer has been found to be useful for temporary

protection of the reflecting surfaces during manufacturing. However,

it may not be satisfactory for protection during long-term storage.

ALCOA reports that EC968 is not satisfacto!xyfor anodized sufaces

because within a few days a tenacious bond is developed between the

anodic suface and strippable lacquer. Alternate protective treat-

ments are being investigated in Boeing researoh.



The aluminized lacquer surface is a simple and f_st methodof applying
a specular surface to the rolled aluminum. The technique can easily
be used on panels of larger size. However, alternate reflecting surfaces
need to be investigated.

Solar-Cell Shingle Assembly

Hoffman Semi-Conductor Division was unable to supply assembled shingles

of solar cells in time for the EOM concentrators. It was possible to

obtain a supply of single solar cells without cover glasses that were

rated IO percent efficiency in space-level solar intensity and spectrum,

In previous research Boeing had developed procedures for testing the

individual cellS, assembling matched cells into shingles, and installing

cover glasses. The 5-cell and 15-cell shingles required for the EOM con-

centrators were assembled in the Boeing Sblar Systems Laboratory using

these procedures. The data required for cell-matching are obtained under

a xenon light source with the intensity adjusted to the equivalent of

I00 milliwatts/sq, cm. of terrestrial sunshine. A voltage-current curve

is recorded and current at maximum power noted. The cells having nearly

equal current at maximum power are assembled into shingles.

Cells are soldered together to form shingles by preheating the cells on

a copper plate held at a temperature of 175 ° to 180°C. Then they are

locally heated at the joint to the melting point of solder (186°C) with

two strokes of the fine point of a small soldering iron. A very thin

coat of soldering flux is applied to one surface of th_ joint before

the solar cells are lald in place on the preheat plate. The terminal

surfaces of the solar cells contain enough solder to insure a good

Joint without additional solder.

The assembled shingles are cleaned with a solvent to remove all soldering

flux, fingerprints, and dust. Cover glasses are then cemented in place

with an epoxy adhesive, Furane El5. OCLI No. 207-SCC450-2 cover glasses

are used.

Solar cells for the CS-I concentrator were assembled into shingles by

Hoffman, the supplier.

Attachment of Shingles to Panel

_he solar-cell shingles are attached to the concentrator panel in the

following manner:

The concentrator trough and backs of the shingles are first

cleaned with acetone until all traces of grease and dirt are re-

moved. The trough and shingles are then painted with General

Electric XS 4004 Silicone primer. This primer is allowed to dry

for one hour. A 0.OO1 inch thick mylar strip, the length and

width of a concentrator trough is cleaned with acetone and then

painted on both sides with the Silicone primer.

i

A layer of General Electric RTV-60 Silicone adhesive, approximately

0.004 inch thick, is spread in the concentrator trough after the

primer has thoroughly dried. The thickness of the adhesive is con-

trolled by a scraper with a depth-gauge attachment.
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A thin layer of RTV-60 is also spread on the back side of the

solar-cell shingle. The mylar film is placed in the trough

on top of the O.O0%-inch thick RTV-60 and worked into position.

All of the trapped air between the mylar and RTV-60 is carefully

forced out. A O.Ol6-inch thick layer of RTV-60 is then spread

on top of the mylar film. The solar-cell shingles are then pressed

firmly into the trough, working out the air trapped beneath each

shingle and mylar.

The concentrator panel is left to dry at room temperature for
five or six hours.

Wirln_ Techniaue

A unique method ef interconnecting the solar-cell shingles has been developed

and tested. All the cells in a given trough are connected in series and

these shingles are connected in parallel with shingles in the adjacent

troughs, as shown below. This circuit was chosen because it minimizes power

loss resulting from any cell failure with very little extra wire weight.

+

SaLA_ - C_'LL
S_/IAIG/_ E'S"

P,_R.,_L LEL/IVG
5 7-_//:'5

The concentrator structure is reinforced in the back by hat-section stiffe-

ners which run the fu_l length of the concentrator perpendicular to the
direction of the V-ridges and troughs (Fig. 33). These stiffeners are

located 1.85 inches apart and are spot-welded into place. The I/%-ineh

faces of the stiffeners form areas on wh_eh paralleling strips can be

bonded. The paralleling strips are made from copper-plated plastic sheet
which is used in the manufacture of printed circuits.

The 1/32-inch thick printed board material is cut into i/4-inoh wide strips.
A i/8-inch wide tape is placed down the center of the copper side of the

strip. The strip is then submerged in a ferric chloride solution to etch

away the 1/16-inch of exposed copper on each side of the tape. Removing

this copper provides assurance that ne short-circuits will occur between

the copper strip and the concentrator structure. Details of the paralleling
strip are shown in Fig. 33 and in the fb_owihg_mketch,



BACK SIDE OF CONCENTRATOR PANEL 
SHOWING W 1R ING DETAl LS  



f

i_ S SH/AIGL E

.. ' : :",,,, "-- coPpE, 
. ' _,_/NSuLATIOA/ J STRIP

In attachlng the paralleling strip one side of the cleaned hat-section is

coated with a mixture of Epon 815 and Versamld 125. The back side of the

paralleling strip is coated with the same mixture and then the two surfaces

are clamped together firmly for 16 hours. One copper strip is bonded on

each hat section for the parallel connections between the shingles. These

strips also serve as convenient terminals for making the series conaeetions

between shingles.

The concentrator has I/S-inch diameter holes 1.85 inches _,apartat the edges

of the troughs for solar-cell pigtail leads. Each hole Is located I/4-inch

from the hat-section face having the paralleling strip.

Each solar-cell shingle has a piece of Number 28 Teflon-insulated strazded

wlre soldered to each end. The positive lead from ene shingle and the

negative lead from the next shingle are brought through the same hole and

both leads are soldered to the same paralleling strip. This establishes

the series connections as well as the parallel connection between the

shingles.

A paralleling strip on one edge of the concentrator has only negative

leads soldered to it, and one paralleling strip on the opposite edge has

oalypositive leads soldered to it. Terminals mounted on these strips

constitute the power outlet of the concentrator.
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VII, TESTING

Prototype, EOM, and CS--concentrators were subjected to solar and

mechanical tests and physical measurements._-Selarand mechanical tests

are described, followed by an analysis of test results.

A. Prototype and EOM Concentrator Tests ....

Protetvoe CoqcentTator Solar Test A

Nine prototype, concentrators,were %ested for optical-efficiency to•

evaluate various materials and processes for manufacturing the EOM
concentrators.. The tests also establimhed the ,variati_n:in' efficiency

within a,given _cencentrator. '" . , , ,, :_ :'

The setup for solar tests is shown in Fig. :34o A portable equatorial

mount is used to track the sun. The test concentrator, reference solar

cell, pyrhellometer, and a sun alignment indicator are mounted on a
plywood platform which is attached to the polar axle of the equatorial

mount. Shade tubes are placed over the reference cell and the concen-

trator to eliminate nearly a]l the diffuse sky radiation.

It was found in early tests on solar-cell concentrators that consider-

able experimental error resulted when shade tubes were not used. The

reason was that light reflected from surrounding objects and diffuse

sky radiation can change during a run, while the direct radiation

intensity is relatively constant.! The diffuse component of sunlight

would normally not be present in space conditions. Furthermore, diffuse

radiation contributes more to the output of the cells without the oonoe_-

trators_ than it does to cells in a concentrator.

Oare must be taken in use of shade tubes.. The test area on the concen-

trator must be small to minimize the amount of sky this area can see.

Preferably, only one shingle and its adjacent reflector walls should be

illuminated at a time. The shade tube arrangement is shown in the

following sketch!

REFEREAICE'CE.L_ //\ TUBE'S

'"_ r- -T- "_ _4(

_ INC loE'Alr

_ _ R,,_ OI.ArT/O/I/

l
!
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i
I
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The shade tube and concentrator must be accurately aligned towards

the sun. The inside walls of the shade tube are covered with an

optically black cloth which absorbs light at grazing anglea. This

prevents diffuse sky radiation from being reflected off the walls
onto the cells.

In evaluating a concentrator the short-circuit current of a 5-cell

shingle of solar cells is measured both with and without concentration.

Simultaneously, the short-circuit current of the reference cell is

recorded. The readings from the shingle are then corrected for any

chan_e in solar intensity indicated by the reference cell. The

ratio of the corrected short-clrcuit current with and without concen-

tration gives the concentration ratio (C) of the concentrator.

The best technique for the short-circuit current measurement without
concontration is to remove the concentrator from the shade tube and

lay the cells directly on the plywood platform. Then the short-

circuit current of each test shingle is measured with illumination

through the same aperture as used with the concentrator. However,

this technique can only be used for preliminary evaluation of the

concentrators begore solar cells are bonded in the troughs,

Three 5-cell shingles of lO-percent efficiency cells with cover glasses

were used in prototype concentrator tests. These shingles were placed

at equally spaced intervals along a given trough. After the measare-

ments in one trough were completed, the three shingles were removecl

and placed in another trough.

The temperature of the shingles was kept low (20 to 30°0) by exposing

the cells to sunlight enly when readings were taken.

Typical test data are shown in the following tabulation for concentrat_

No. 4. The positions of the shingles in the concentrator are shown in

the sketch,
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Cell Position

In CencentratQr
Current _dth concentrator

Current with_ut concentrator

la

Ib

ic

2a

2b

2c

3a

3c

_a

5b

5C

Average

1.7o

1.68

1.75

1.70

1.74

1.76

1.71!

1.71

1.7_

1.7_

1.7_

1.78

1.7_

1.70

1.73

_he manufacturing tolerances of this prototype concentrator cause_

a variation ef about ± 3 percent around the average increase in SCC

ef 1.73.

_e average SCC, ratios for four _rotetype concentrators are tabulate4
below. _.

Prototype' Number _' i_'_I__;•_

, , r

8hort-Oircult Ourreat _tio_,_ 1.69 " 1.73 1.65 1,71

Prototype No. _ l_ve t_e best_e_fermanee. It had the most specular

reflector finish of any of the prototypes_and had well fonned_ fl_t

reflector surfaces. Altheugh No. 2 had a_good specular finish it ha_
surface roughness. Both No. 5 and 6 had good manufacturing tolerances

and flat reflecting surfaees,_but had an,lnferior specular finish.
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EOMConcentrator Sola_ Tes_

The EO_IA, EOM-2A, and EOM-2B concentrators were tested in sunshine at

Paradise Park on Mt. Rainier. This test site is at an elevation of 5500

feet above sea level, and clear sunshine was available on the days the
tests were conducted. The EOM-1B concentrator was delivered to JPL for

evaluation without being tested.

For solar tests the concentrator was placed on the equatorial mount

previously described and oriented toward the sun. A shade tube was placed

over the concentrator to eliminate diffuse sky radiation. A volt-ampere
curve was plotted with a Mosley X-Y recorder, and the short-circuit current

and open-circuit voltage were calibrated with l/2-percent accurate instru-

ments. The volt-ampere curve was plotted for each concentrator with the

reflectors covered and uncovered. Shading of the reflectors was accom-

plished by laying a flat aluminum mask across the top of the V-ridges.
This sheet had rectangular slots slightly longer _han and only as wide as

the shingleS_mounted_in the troughs, and allowed only direct sunlight to

strike the cells. An attempt was made to record the data for the covered
and uncovered condition of each concentrator at the same solar-cell

temperature. The resulting curves are shown in Figures _, 26, and He

From these volt-ampere plots, the following maximum-power values were

obtained. Solar-cell temperature, where available, is shown inlparentheses.

Concentrato r Maximum newer, watts _ Short-Circuit Current

Reflectors Reflectors ___ _L_amnere- ....... ;
.Q2M__S_--. Reflectors Reflectors

 mamm__

EOM-IA

(nine 5-cell shingles) 1.211 0.666 220.0 126.7

._ EOM-2A

(three 15-cell shingles) 1.215 0.655 214.5 122.5

EOM-2B

(three 15-cell shingles) 1.s%7 o.71o is6.5
(sc.soc) ($5.7oc)

The contract requirement pertaining to specific power is!

,The specific power (watts/sq. ft. _ of projected Concentrator-Structure

area) of the concentrator structure shall be at least ninety percent

(90%) of that obtained from a nonconcentrator structure with eighty-

five percent (85%) active coverage of equivalent photovoltaic cells

at the same temperature, spectral distribution and solar intensity.

The specific power shall be determined in sunlight. The nonconcentrator
structure specific power shall be calculated from measurements with

the reflecting surfaces shadowed."

This requirement can be reduced to an equation,
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where SFR_---90% = specific power ratio

P =_ximum power output of the solar cells with

the reflectors exposed to sunlight _ , ,
A = Area of the cells and the utilized area Of the •

concentrator. This includes ridge bending

radii, lost area between cell sides and reflectorsp
space between shin_les, and the reflector area that

illuminates the _v_ce between shingles.

Pu:Maximumpower output of solar cells coverin_ 85 percent of
Area A.

Pu was computed as follows:

Pu = 0.85A Pn (47)

Ac

i

Pn

a c

Thus,

= Maximum power measured when concentrator wasexposed
....to_surfl.ight and the reflectors were coveredb

' .' k. '

= Net area of solar c_Is in the concentrator that

was solar tested.

SPR = P A_ ...

' A i0.85 Pn

#tom EOM-I solar test data and measurements
n

P = 1.211 watts

Ao = 12.3 sq. in.

A = 27.0 sq. in.

Pn = 0.666 watts

SPR = I,_II x 12.3 ......
0.85 x 27_0x 0.666 .

= 8_97%

il

r

The above calculation of specific power ratio (SFR) was performed

in accordance with the JPL Contract requirement for an area utili-

zation factor (Fs) of 85 percent. As explained previously, JPL
now suggests tha_ a factor of 92 percent is more realistic in light

of present solar panel design._Specifio power ratio was calculated,

following the above example, for all concentrators using both an
85 percent area utilization factor and a 92 percent area factor.

The calculated values of sl)ecific power ratio and also of power
concentration ratio and sl_rt-cirouit concentr_tion ratio for each of the

tested concentrators are presented in the following tablel
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Concentrator
Specific Power Ratio

F3= F3-
Power Cone.

Ratio .....

Short-Circuit

Cono. Ratio

EOM-IA 0.974 0.900 1,82 1.74

EOM-2A 1.028 0.948 1.85 1.75
EOM-2B 1.055 0.974 1.90 1.77

Pyrheliometer data were obtained in the solar tests of EOM-2B, and

showed that solar intensity held constant at 98milliwatts per sq, _.
during the entire test period. These d_ta alloW the conversion
efficiency of the concentrator to be calculated,

From test data and meamurementsl

s = 98=w/0=2

P - 1347 =w

P = 710=w
n

Ac - 12.4 sq. in.

A = 26.2 sq, in.

Conversion efficiency with reflectors shaded!

_Zt -

m

2 ,.AoS

........710x I00....

(2.5_)2 = 12.4x 9s

x 1oo

m 9.1%

Conversion efficiency with reflectors exposedt

r

_° " z, z 1oo (5o)
(2._)2 AS

• 1347 x I00 m

(2.54) 2 x 26.2 x 98

s.1%

Prototype and ECM Concentrator Structural Tests

The contract requires the concentrator to be subjected to 1/4 and 1/2 of
the vibration levels specified in JPL specification 30218-B, paragraph
4.3.2.

A prototype panel was used to develop the magnetic tapes required to

apply the specified vibrations to the EOM panels. This panel was subjected to!

A. Sinusoidal vibration swept between Iops and 40 cps in eight

minutes at a sweep rate proportional to the frequency.

This sinusoidal vibration was applied normal to the plane of

the solar cells and was applied three times for a total time
D2-90041-A
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of 24 minutes. The _quipment used to app]y this low frequency

vibration consisted of a hydraulic vibrator controlled by an

electronic function generator.

Displacement amplitudes of ± ].-1/2 inches were applied between i

and 4 cps instead oC between 1 and 3 cps as specified. The change

to 4 cps was made because of e_ulpment limitations and did net affect
the subsequent performance of the panel.

1.5 "g" acceleration level was applied between 4 and 40 cps.

The M_h-fre_lency, eomple×-wave vibration test was accomp]ished on

a 25,000 lb. electromagnetic vibrator driven by a 175 KVA LING

amplifier and controlled by n magnetic tape through electronic mixers

and amplifiers. The vlbrat_ons imposed on this preliminary panel

were white gaussian vibration, band-llmlted between 15 and 15OO cps,

with the following acceleration levels and in this chron01ogical order.

B. 15 "g" rms acceleration for 6 seconds.

C. 5 "_" rms acceleration for 3 minutes.

D. 2-1/4 "g" sinusoidal vibration swept from4Ote 15OO cps in 2

minutes at a rate proportional to the frequency. This sinusoidal

vibration was applied three times without the white gaussian

vibration and was recorded on magnetic tape for subsequent mixin_

with _herandomvibration.

E. 2-1/4 "g" rms with a 2-1/4 "g" sinusoidal vibration swept from 40

to 1500:cps in two minutes at a rate proportional to the frequency.

Three sweeps were applied for a total time in this condition of
six minutes.

F. 7-1/2 "g" rms for 6 seconds.

There were no apparent failures in the structure of the prototype concen-
trator nor_did subsequent tests indicate degradation of the solar cell

installed in the center of the panel.

Concentrating panels similar to EOM panels were subjected to the above

vibration specifications except for two items: (I) Item B - the acceler-
ation was changed to the contract requirement of 7-I/2 "_" rms for six

seconds, (2) Item D _4as eliminated because it is not a contract require-
ment and was used only for preparing the magnetic tape. In addition, a

search was made for panel resonance between 50 cps and 5000 cps.

The high-frequency complex wave test was applied to the EOM-type panels
first, fo!lo_ed by the ]ow-frequencv sinusoidal loading (Item A). This

reversal oF order was necessitated by availability of equivnent, and had

no significant effect upon the panel behavior.

Panel resonance was not observed at any time durin_ any of the complex-

wave tests. Durinc the search for the panel resonant frequency it was

necessnry to dwel] momentarily at near-resonant conditions. The panels

varied in resonant frequency between 240 cps and 3AO cps.

Dl-90041-A
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The reson_nt frequencies oC the panels were found by applying a 1/2 "g"
sinusoidal vibration and slo_y sweeping the frequency to determine the
frequencies at which the panels resonated_ The IIO0-H25 panel with
doublers had a first moderesonant frequency of 240 cps, the IIOO-H25
without doublers had a first moderesonant frequency of 300 cps, and the
6061-T4 panel with doublers had a first moderesonant frequency of 340
cps. The trough between the stiffeners indicated resonance at 170 cps.

It was ass_ed in the analysis that these panels would behave as flat
plates fixed along two edges. This assumption seemedJustified due to
the stiffness of the edge _Stac_mentclips. If the panels were to behave
as flat plates simply supported along two edges, their resonant frequencies
should have been about 560 cps. Since the measuredresonant frequencies
were approximately 300 cps, the structural efficiency factor for the design
must be approximately

E = -_ = 54%
56O

The ratio of. effective EI to calculated EI is

• 2
EIEff. = (6u measured) = 0.542 = O.291

MICalc. (CO calculated) 2

This unusually low ratio may be due to the curved reflectors but is probably
dueto some other factors whic6 have not been evaluated.

No EOM concentrator structures have failed under the structural vibration

required by the Contract. An EOM-type concentrator structure was vibrated

for 97 minutes atl5"g_in another test. The test was _m_mluded because of

failures at attachment points rather than failures in the panel.

B. CS-I Concentrator Tests

Solar Tests

The CS-I optical model and the CS-I structural test model were tested in

sunshine at the Boeing Solar Systems Laboratory in Seattle. Poor weather
conditions at the test site onM t. Rainier, where the EOM concentrators

had been tested previously, prevented the use of that facility for the

solar testing of CS concentrators.

The test procedure _Tas the same as described for the EOM concentrators.

The structural test concentrator, which contained five high-efficiency

5-cell sblngles mounted in one channel for evaluation purposes, was
solar tested both before and after it received vibration tests. The

resultin_ volt-ampere curves for the CS-I concentrator are shown in

Fig. 38 and for the structural test model, before and after vibration
tests, in Figs. 39 and 40 respectively.
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The following maximum-power values were obtained from the volt-ampere plots.
Solar-cell temperature is shown in parentheses.

Co_qtrato___xr

Maximum Power, __atts_

Solar Intensity Reflectors Reflectors
MW/cm 2 Exposed Covered

Short-Circuit Current

Milliam_eres

Reflectors Reflectors

Exposed Covered

CS-I

((20) 5-cell

shingles)

CS-Structural

(five 5-cell

shingles):

Before Vibration

Aft_rVibration

2.544 1.318

84.6 (26.0°C) (25.0°C) 276.0 156.6

0.667 0.363 71.0 41.I

91.7 (29.8°c) (26.3°c)

80.5 0.613 0.324 64.6 37.3

(21.6oo) (19.ooc)

The specHfic power ratio was calculated using both an 85 percent area utili-

zation fact6r (F3) and a 92-percent area utilization factor. The specific

power ratios, together with power concentration ratios and short-circuit

concentration ratios, are tabulated below!

Short-Circuit

Current

Concentration

Ratio
i

_Soecific Power Ratio Power Concentration

F3 = 92% Ratio

1.062 0.981 1.93

Concentrator

CS-I 1.76

CS-I Structural:

Before Vibration 1.029

After Vibration 1.058

0.950 1.84 1.71

0.976 1.89 1.73

It should be noted that the difference in specific power ratio of the

structural test concentrator before and after vibration test is almost

entirely attributable toa difference in solar-cell temperature during

the test. The short-circuit current ratio, which is relatively inde-

pendent of temperature, indicates that no significant change in per-
formance occurred as a result of vibration tests.

The conversion efficiency of the concentrators was calculated. The results
are:

Concentrator
Conversion Efficiency. Percent
Reflectors Exoosed Reflectors Covered

CS-I 7.9 8.8

CS-I Structural:

B_fore Vibration_

After Vibration

7.8 8.9

8.1 9.0
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C.

Str_Ictural Tests

The CS-I concentrator was subjected to vibration and static bending tests.

So]ar tests were conducted before and after tkse structural tests, as

previously explained.

The fle_iral rigidity of the concentrator was measured in a static

bending test in which the panel was simply supported along the attach-

ment edges and loaded with a li_e lead along the centerline of the span,
The E1 was found tobe 4010 in. % Ibs. per corrugation. The calculated

value for El was 16,000 in. 2 Ibs. per corrugation. No explanation for
this difference between measured and calculated El values has been found

yet.

A resonant frequency calculation was made, using the experimental E1
value and the actual shingle, bonding adhesive, and wiring weight of

0.0079 lbs. per shingle. The first mode resonant frequency for the

EOM panels was found by calculation te be 300 cps, which agrees with

the measured resonant frequency ef 300 cps. In view of this agreement,

the CS-1 resonant frequencies can be calculated with confidence from the

experimental EI/m data. The first mode resonant frequency for the CS-I

panel was_cal_ulated te be 214 cps. The natural resonant frequencies

for the CS-I Concentrator structure were not determined experimentally

since it was considered undesirable te dwell at the resonance point long

enough to make an accurate resonant-frequency measurement. The reasen

for this was that it would not have been possible in subsequent solar

testing to distinguish between failures caused by the eontract-specifled
vibration test and the resonance search.

The CS-I concentrator structure was subjected to the vibration environment

previously described under structural test items F, C, E, F, and A, in that

chronological order. Ne structural failure occurred. One soldered connection

to the paralleling strip in the back of the concentrator broke loose.

The flexural rigidity in a direction perpendicular to the reflector axis

of the CS-I concentrator structure was not measured since the calculated

stiffness in this direction is so low compared with the stiffness in

the reflector direction that it was notconsidered to be significant.

Analysis of Test Results

The contract requires that the losses which cause the performance of the

concentrating photoveltaic structure to be less than theoretical shall be
determined. These losses were established in independent tests which are

described in Section IV. The effect ef these losses on perfermance is

discussed in Section III-D. In this section, the actual performance ef a

concentrator as measured in solar tests is compared with the perfermance

_t can be predicted from the losses as established in Sectioh IV. It

_ii] be shown that the concentrator performance can be predicted thereby

demonstrating that all factors affecting performance are understood and
kno_m. Concentrator structure EOM-2B is used as an illustratien.

I. Short-Circu_t Current _atio

The short-circuit current ratio is defined as the ratio of the

short-circuit current of the cells with concentration to

D2-90041-A
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P

the short-circuit current without concentration, i.e.,

It has been established that for the range of short-circuit currents

under consideration and for a given spectrum, the short-circuit

current is proportional to light intensity.* The short-circuit
current ratio can be calculated from Eq. 41 inSection III-_ by de-

leting the components of efficiency relating to power_ _c and

_%t, and retaining only the term pertaining to short-circuit

current, _ o - the relative _lantum efficiency for non-normal

light. Then:

F1 At

Concentrator structure EOM-2B _as equipped with 15-cell shingles.

The gross area of the trough containing the solar cells iss

h

At = _No. of cells)(iength of active cell area) +(wiring

x

= _15)(O.$5)+ 0.I_ (0.8) = 4.27 sq. in.

The gross projected area of the reflector surfaces is

_No. of cells)(iength of active cell area) + _wirin_

Ar = "allowance U x [projected width of two reflectors_

_15)(0.35)+ 0.13(o.8)= 4.27sq.in.

The factor FIiss

FI = active cel_ area
gross trough area

= (I_) (o.3_)(0.788)(loo) = 97%
&.27

The factor F2 is:

F2 = _Reflector projected width)-(bending and_:tol_rance losses_

3X

If the concentrator had been formed exactly as specified in the

drawing, then the net projected width would he the same as calcu-

lated in Section III-Dj namely 0.88 in., and E2 becomes:

(_l)

(_IA)

(5S)

(54)

(55)

F2 = (0.88)(15)(0.3_)(100)
(15)(0.35)+ O.1

= 0.865

* See Boeing document D2-6935,
"Measurement of Silicon Solar-Cell Spectra_ Response"
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The reflectance of the aluminized lacquer surface was found to be 82
percent in measurementsEaclewith the Somortest fixture (Fig. 26).
Since the reflectance values obtained with this fixture include the

quantum efficiency of the cell for uon-normal light, the factor is 1.0
when used with reflectance values obtained by this method. If the

scatter factor K is assumed to be 97 percent, the same value assumed

in Section III-D, the short-circuit current can be calculated by sub-

stituting the appropriate values in equation 41a as follows:

Vko F 2 ERA

_,i_._= 1 + F1 At

= 1 + (] .Q) (0,465)(0,°7) (0.82) (4.27) = 1 + 0.708
(1.0)(0.97)(/+.27)

(zZs)

= 1.71

The average observed short-cirmdt current ratio for E0_'-ZB was i .77.

Thus, the calculated ratio is 3.5 percent below that Observed.

An effort was made to reconcile the difference between the observed _nd
calculated short-circuit curr_nt ratio. For example, the dimer_,_[oz]_of
the concentrator structuzm were measured precisely with an optical com-

parator. Fig. _i is a photograph of a typical reflector displayed on the

comparator. It is apparent from this photograph that the re:fleeting
surfaces are smooth ana continuous and will not causQ appreciable light

scatter. The light scatter factor K should thus be unity. Fig. 42 lists

the pertinent dimensions of the structure. The differences between the
measured dimensions and those specified in the drawing (Fig. 28) were so

insignificant that they could not have affected concentrator performance.

The light rays in a typical channel were traced to determine the" active

reflector areas (FIE. _3). The projected effective width of the reflector

surfaces was foundto be 0,335 inch for each reflector. With this dimension
the short-circuit concentration ratio can be calculated from the followin_

equation:

= Isc. from direct light + _Isc,from, reflected light i'_''_

l_sc from _direct'light ......

"I+ Isc from reflected light (56)
isc from alrec_ light

=I+ (Intensity) (Reflectance) (Quantum,iEff.) (Project.Width of
active reflectors )

(Intensity) (Width of active cell area)

Using the measured value of reflector width, a reflectance of 82 percent,

and a corresponding quantum efficiency of i.O, the short-circult current
concentration ratio becomes

1 +• 0.788

= i + 0.698 ,= 1.70
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The above colossi_ate@ val_e does not ogree with the observed value but

instead agre_._ ver ._c]ose]v _,ith i,hat ca].c_l]_,ted ['rom Eq. 41a.

It _s possible that this difference is a res,_]t of either an instru-

mentation error or a test procedure that is not rigorous. The short-

circuit current _,as measured carefully to an accurac.v of + 1%, and thus

is noL a likely cause of the discrepancy. T_._odifferent procedures were

used In testing the prototype pane]s. In one proced_ire the nenconcen-

trated short-circuit current _ras determinqd by shading the reflectors.

This _s the procedure that the contract specified for testing the

EOH and CS l_o_]e]s. In a second Droeed_Ire the nonconcentrated short-

circuit current was determined by removing the cells from the concen-

trator and testing the cells by i,hemselves.

The first procedure gave a short-circuit concentration ratio which was

about 5 percent _reater than the second. The secoml test pr9cedure

appears more rigorous. If the observed short-circuit concentration

rat_o of the EOM-2B concentrator is reduced by 5 percent, the adjusted

short-circuit concentration ratio CI becomes 1.69, _ich is quite close

to the calculated value.

The test procedure is the most plausible cause off the discrepancy be-

tween measured and calculated short-circuit current values. The dis-

crepancy betwee_] the two test procedures could r@su].t'from different

amounts of sky being viewed by the solar ce]Is under the two different

test procedures. However, a rigorous analysis confirmed by test has

not yet been made.

The EOM and CS-I concentrators were evaluated by shading the reflectors

as specified in the contract. Since the solar cells were bonded to the

structure in both the E0M and CS models, it was not possible to test the

models by both procedures. However, ev@n if the test data were optimistic

by 5 percent the contract performance requirements _,yould be met.

. Power Concentration Ratio

The EOM-2B concentrating structure produced a power concentration ratio

of 1.88 which is significantly higher then the observed short-circuit

concentration ratio of 1.77. This suggests that the conversion efficiency

is greater at the higher light intensity levels than at lower levels that

are present without concentration.
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Originally it was assumed tbat the conversion efficiency remains constant
over the light intensity ranges under consideration (IOO to 200 milliwatts/

sq. cm.). This assumption was based on the rem_Its of tests conducted

with 13-percent-efCicient conventional solar cells (Fig. 12). In subsequent

tests of IO-percent-efficient blue-sensitive solar cells, it was shown
O

that the c nversion efficiency increases significantly with intensity.
For example the efficlency is I0.O percent at i00 mw/sq, cm. and 10.6 percent

at 175mw/sq. cm with the cell at a temperature of 45°C.

In one test with the EOM-2B concentrator, the following data were recorded!

Pn = 714 mw at 31°C (power without concentration)

Io = 136.6 ma at 31oC (current without concentration)

P = 1342 mw at 40.5°C (power with concentration)

Ic = 243.0 ma at 40.5°C (current with concentration)

During this test, the solar intensity was constant at 98 mw/sq, cm.
measured concentration ratios are

The

Oi O == _ 1.78

Op = I_ = 1.88
714

The effect of temperature on the efficiency of blue-sensitive solar cells

can be extrapolated from Fig. 14. A temperature change of 33°C will cause

a one percentage-polnt change in conversion efficiency.

Since the short-circuit current is a measure of the illumination intensity,

the total illumination intensity as seen by the cells in the concentrator

(Sc) is:

(abort-circuit current with conec__ntrction) .
Sc = (S) x (short-circuit-current without concentration)

From p.TTheliometer data, S = 98 mw per sq. cm.

s o = (9s) (2L3.0) = 174 mw/sq, cm.
h36.6)

Thens

The illumination contributedfrom the reflectors (Sr) isz

Sr = 174 - 98 = 76 m_/sq, cm.

The conversion efficiency of the ceils at an intensity of 174 mw/sq, cm.

and a temperature of 40.5°C is:

C
= 10.6 + Z,_-, 40.5

33
= io.74%
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The efficiency increment corresponding to an intensity increment from

98 to 174mw/sq. cm. and a temperature increment from 31°C to 40.5°C

can be calculated by considering 1.0 sq. cm. of cell area.

- (Power @ 174 mw/sq.cm, and 40.5°C) - (Power @ 98 mw/sq.cm, and

A q = .................3!oc)
Intensity Increment

= (174)h0.74)-(98) (i0.42) = n.18%
174 - 98

Thus, the power output is expected to bes

Pn : Power from direct light + Power from reflected light

Since the reflected intensityis 77.6 percent of the direct intensity,

Pn = (714) [I+ (77.6)(11.18)] = (714)(1.87) = 1335mw

The computed value of power output with concentration compares very closely

with the observed value of 1342 mw. Thus the power concentration ratio

and the shert-bircuit current concentration ratio is clearly attributable

to differences in conversion efficiency andtemperature.

SoecificPo_er Ratio

The measured specific power ratios are in excess of the 90 percent specified

in the contract and are close to unity. This means that for a given power

output the concentrating structure will require no more area than a non-

concentrating panel having an area utilization factor of 85 percent. This

is a surprising remLlt, considering the absorptionloss in the reflected

component of light, However, there are two factors that offset the absorp-
tion_lossl

(i) The conversion efficiency of a "bl_" cell increases as

light intensity increases. For example, the incremental

efficiency corresponding to an increment in intensit_ from

I00 mw/sq.cm, to 175 mw/sq.cm, is 11.5 percent, (Fig.l_).The direct

component of light is converted to electricity with an effic-

iency of IO.0 percent at atoll temperature of 450C. The

reflected light is thus 15 percent more effective. The

absorption loss with aluminized lacquer re_lecting surfaces

having a reflectance of 82 percent is 18 percent. Thus the

15 percent gain in conversion efficiency nearly offsets the

absorption loss.

(2) The solar cells can be mounted on the structure with no morep

and possibly less, lost area than is required for mounting

cells on a conventional panel. Thi_ isbebause the wiring _n.
be located onthe back of the panel. In the CS-I concentrator,

both the positive and negative leads of each shingle are

brought out through a small opening at the base of the reflector.
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The parallel and series connections are madeon insulated copper
paralleling strips bonded to the hat sections. With this wiring
method, _t was possible to reduce the separationbetween abutting shingles
in the trough to about 0.03 inch.

The overall length of a solar cell shingle is 1.80 inches. Active cell
area occupies 1.75 inches and the solder-strip of the positive terminal
occupies 0.05 inch. The gross length of a shingle mounted in the
structure is (1.80 + .03) inches or 1.83 inches. The minimumgross
length that is possible with no separation between the mounted shingles
is 1.80 inches. Thus, with a spacing between shingles of 0.03 inch
the gross cell length of a 5-cell shingle plus wiring is within 1.5
percent of the ultimate r_inimum.
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The basic optlca] design criteria for V-ridge type concentrators for solar-

cell space-vehicle power supplies have been deve]oped by means of analysis
and test. Mechanical design criteria have been developed by vibration

testing and analysis. Tools for bendinF, reflectors have been built, and

fnbrication_ wirinG, and assemb]F techniques bnve been developed. An

efifect_ve str_ppable coatinr_ for protectim _ ref]ectinv s_rfaces from

c_eterioration duri'_g manu_acture has_ _'edueed the_ hand]ing_.,problems.

The EOM and CS-I concentrators required by the contract have been designed,

built, tested, and delivered. Vibration tests under the conditions speci-

fied in the contract have shown tbst the V-ridge concentrator design is

basically stiff, the welds are strong, and the methorl of bonding solar cells

to the concentrator trough _s satisfactory. Solar tests have shown that t.he

contract electrical-optical performnnce requirements, particularly specific

power, have been exceeded by EOM and CS-I concentrators°

The actna] weight of the CS-] concentrator, complete with solar cells,

cover glasses, wirinv, and adhesive, but without vibration-test supports,

_as 0.575 pounds per sq. ft. The measured conversion efficiency of the

CS-I concentrator with the reflectin_ surfaces covered was 8°8 percent,

and with the reflecting surfaces exposed was 7.9 percent. The solar cells

covered 46.8 percent of the concentrator area. Thus, for a Given power

output_ the mlmber of solar cells required in a V-ridge concentrating panel

of the CS-I type is only 52 percent of the number of ce] is required in a

non-concentratin{< panel. If the non-concentratin_ panel is 90-percent

covered with solar cells, its tota] area for a [:_ven power output w_l] be

the same as the area of an equivalent V-ridge concentrating panel. The

V-ridge concentrating panel wi]] weigh less than one-half as much as the

non-concentratin_ panel.
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IX. RECO_@_NDATI0_

JPL Contract 950122 required that Boeing develop, _ild, test, and deliver
EOMElectrical-Optical Mode] and CS-I Type-Approval concentrators. The
development of practical, stable, high-reflectance surfaces, althouyh outside
of the scope o_ this contract, was carried on in Boein_ research on a modest
basis. There are additien:_l problems beyond the scope of this contract that
must be solved before practical space-vehicle power supplies employing V-ridge
concentrators can be designed. It _s recommendedthat effort be immediately
applied to the solution of these p_oblems, which are described below.

A. Reflecting Surface Development

Optical performance, thermal emissivity, stability in adverse

environments, and cost are factors that will affect the selection

of the reflecting surface on the concentrator. This contract

covers only optical performance studies. It is recommended that the

remaining characteristics be caref1_lly developed and evaluated by

means of complete performance and environmental tests.

Several high-reflectance surfaces have been suggested. For example_

ALCOA proposes cladding 99.99 percent pure aluminum to ii00 alumi-

num 9 resulting in a surface which when anodized will have a reflect-

ance of 82 percent and a thermal emissivity of 70 percent. OCLI is

prepared to develop a second-surface dielectric-film reflector on

OoO03-inch thick micro-sheet glass. Such a design would have the

desirable high emissivity and the protecting quality of the ex-

posed glass surface. The extra weight of the glass could be com-

pensated with lightening holes inthe supportin_ aluminum.

B. Equilibrium Temperature

The power output of a concentrating solar-cell array depends strongly

on the cell temperature. This temperature in turn depends on the

effective emissivity of the cover glass, reflector, and concentrator

back. Optimum designs of these surfaces need to be developed by

analysis and test. A blackened liquid-nitrogen cooled vacuum chamber

could be used for measuring the emissivity of surfaces and concentrators.

There is a need for parametric curves from whi_ the equilibrium

solar-cell temperature can be predicted for any combination of

reflecting surface_ concentrator back surface, concentrator geometryj

solar illumination, and back illumination.

C° Structural DesiHn of Large-Area Panels

The lO-inch by 18-inch CS-I panel delivered on this contract is a

size convenient for optical evaluation. Panels for actual space

vehicles will be much larger. Therefore, structural design of such

large panels needs to be developed by analysis and test.

As an example, the trough length emp!oyod in the EOM and CS-I concen-

trators was so short that the vibration-test results are not adequate

to permit an optimum design of th_ sub-structure and pane] assembly.

It will be necessary to build and vibrate troughs several feet long to

produce useful design criteria.

D. Curved-Surface ];eflectors

The mathematical analysis showed that substantially hicher concen-

tration ratios can be obtained from ideal curved ref]ectors tba:,_
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from flat reflectors. To evaluate curved surfaces fully it is

necessary to examine possible manufacturing techniques, establish

the effect of tolerances, and calcu]ate the performance of real
reflecting surfaces with real solar cells.

Manufacturing techniques for making curved surfaces, such as electro-

forming and explosive forming, need to be explored.

E. _Itere_ Ultra-VioletCuto_ff of Cover Glass

The OCLI cover gl_s does not have a sufficiently lon_ cutoff

wavelength for sunli_htarriving at an oblique angle. As a result,

the ultra-violet light in space maydeteriorate the bonding adhesive

between the cell and cover glass_ It is recommended that a new

interference film be developed for cover glasses used in V-rldge
concentrators. _,

OCLI offers to develop a cover _lass with such a film and sell

samples for test at nominal cost. The use of ultra-ViOlet resistant

covez-gl_ss cements needs to be explored also. Such a cement would
be especially desirable for the new blue-sensitive solar cellswhleh

can utiliz_ effectively radiation in the vicinity of 0.450 microns

wavelength.

F. Manufacturin_ Tech_ique_

The bending-brake used in making EOM and CS-I concentrators is limited

to a trough length of 12 inches. A larger tool must be built before

larger concentrators can be built. Accessories, such as a bend-line

locating Jig and punching die are also required. Noserious diffi-

ctulties are anticipated in building these new tools.
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X. NO>_NCLATU_E

The follo_ing expressions appear in several parts of this report.

A

A c

Ar

At

a

b

C

• d- Area of the solar cells and the utillze area of the concen-

trator. This includes the ridge ben_ ng radii, lost area

between cell sides and reflector, space between _hingles, and

the reflector area that illuminates the space between shingles.

- Active area of solar cells in a concentrator.

- Projected area of reflector.

- Gross area of cell trough.

- Solar cell width.
.

- Projected width of one reflector.

- Theoretical concentration ratio with I00 percent reflectance

surfaces.

CI - Short-circuit current concentration ratio.

Cp -

cps -

F1 -

Power concentration ratio.

Cycles per second.

Factor to account for inactive area in cell trough due to

wiring and cell-mounting allowance.

Factor to account for loss in reflector area due to bending radiip

cell height, and inactive space between cells in trough.

Factor to account for wiring and cell mounting allowances in a

a non-concentrating panel.

Short-circuit current with reflectors shaded -

(No concentration).

Ic - Short-circuit current with reflectors exposed.

K - Factor to account for light scatter resulting from manufacturing •

variations.

ml - Weight of trough and solar cells, pounds per inch of length.

- Width of reflecting surface, i.e. the distance from the top

of the ridge to the nearest edge of the trough.

nI - Weight of the reflector, pounds per inch of w_th for one inch
offlength.

OCLI- Optical Coating Laboratory, Inc.



P

P
n

P
0

R

S_

Sc

S_

SCC

SPH

_t

_0

@

¢

Power outp.t off solar ceils mounted in concentrator and

exposed to sunshine.

Maximum power measured _yhen a concentrator is exposed to sunlight
but the refllectors are covered.

Pover output of a conventionsl panel having the same area as

a specified concentrating structure.

Reflectance of reflectors.

Solar intensity in mil]iwatts per sq. cm.

Intensity of light on the solar cells with reflectors exposed

in milli_atts per sq. cm.

Intensity oF the light reflected onto _e solar cells in

milliwatts per sq. cm.

Short circ_lit current.

Specific power ratio.

Overall solar-cell conversion efficiency.

Cmnversion efficiency off solar ceils applicable to direct-

light power output.

Conversion efficiency applicable to reflected-light poweroutput.

Factor to account for change in conversion efficiency resulting

from an increase in the light intensity.

Factor to account for a change in conversion efficiency resulting

from a higher equilibrium cell temperature.

Factor to account for a change in conversion efficiency resulting

from the reflected light striking the solar cells at an angle.

Angle between incoming solar rays and reflecting surface.

Angle between solar-cell plane and light reflected from reflector.

Angle between reflector surface and solar-cell_plane.

Acute angle between reflector surfaces.
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SOIAR-CELL PERFDRMANGE WITIt CONCENTRATED SUNLIGHT

R. J. Tallen% Henry Omsn

iJ

Silicon solar cells have been a good source of power for satellites and space probes.

Their applicability for future vehicles with larger electric loads seems to be limited b7

cost and weight. For example, one by two cm silicon solar cells in the I0 to 13 percent
efficiency range cost about $I0 each, or about $350,000 per kw. Conventional panels con-

taining silicon solar cells weigh in the order of I00 pounds per kw.

Concentrating sunlight on _olar cells would seem to be a way of partially overco_

these limitations. If the power output per cell could be doubled, the cost per kw would
be halved. If lightweight reflecting surfaces could be substituted for silicon photo-

voltaic material, the weight per kw might be reduced. The weight might be reduced even
more significantly if the reflecting material could also serve as supporting structureo

Investigations were conducted in order to establish quantitatively the performance of

power sources employing concentrated sunlight. The performance of solar cells in high-
intensity sunlight was measured. A lightweight concentrating and support structure was

designed and tested. The temperature in space of solar cells mounted in this structure

was calculated. The performance of a simple concentrating photovoltaic power so,co was

computed.

The results of these investigations are described in this paper.

SOLAR-CELL ?ERFORMANCE IN HIGH-INTENSITY SUNLIGHT

Several methods of obtaining high-intensity illumination for testing were considered,

The use of an artificial light source was not seriously considered because the effect of

a non-solar spectrum could not be readily interpreted. Concentrating sunlight with a lens

did not appear satisfactory because the uniformity of illumination in the focal area could

not be determined readily. A system employing an Archimedes array of six flat plate-glass
mirrors shown in Fig. i was finally adopted. The mirrors were individually adjustable and

the array was installed on a mount that permitted following the sun. The mirror array was
mounted about I0 feet from the solar cells being tested so that the concentrated surLlight

was nearly perpendicular to the cells.

With this array of mirrors the absolute intensity of the concentrated sunlight on the

cells could be established only within the accuracy of pyrheliometric measurements. How-
ever, t}m relative illumination on the solar cells could be varied in discrete and very

precise steps by uncovering different numbers of mirrors, lllumination intensities of

three times that of sunlight in space outside of the Earth's atmosphere were obtainJ_d.

The high-intensity solar-cell performance measurements are useful only if cell temp-

erature is known, because the efficiency of a solar cell is a function of temperature. I.
Constant cell temperature was achieved in the tests by soldering test cells on a water-

cooled plate (FAg. 2). Constant water temperature was obtained from a water system havlng

a pump, heater, and cold-water heat exchanger.

For each illumination level, the current and voltage were plotted for a varying load4

typical family of such volt-ampere curves is shown in Fig. 3. For reference, the illmm-

ination intensity in space outside of the Earth's atmosphere is about i_0 milliwatte per

sq cm. 2. However, the data in Fig. 3 can be used to predict solar-cell performance in
space only if the difference betwsen the Sun' s spectrum on Earth and in space is taken in-
to account.
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The maximum power output of a solar coll. can be readily determined from its volt=

ampere curve. Fig. 4 shews the relation between this maximum power output and illumi-
nation intensity at a 40°C temperature. The maximum power output increases with inten-

sity as expected, but the relation is not linear. The gain in power output for an incre- _

mental increase in intensity is not as large at high intensities as it is at low inten-

sities. This suggests that with this particular cell, only marginal benefit is obtained
from illumination intensities above 300 milliwatts per sq ca,.

The maximum solar-cell power output divided by the power conter_ of the radiation
striking the cell gives the maximum cell efficiency. This maximum efficiency of a typi-

cal cell is pldtted as a function of illumination intensity for several cell tempera-

tures in Pig. 5. As expected, efficiency drops as temperature is increased. The manu-

facturer had rated this cell as lO-perce_ efficient, based on measurements made under a

calibrated artificial light source.

CONCENTRATING STRUCTURE

The next problem examined was the design of a concentrating structure for solar

cells. Many concentrator concepts were examined. Lenses are too heavy when the sup-

porting structure is considered. Reflectir_ concentrators, such as Archimedes flat-
mirror arrays and paraboloidal mirrors areat a disadvantage for low concentration ratios
because a substantial part of the concentrator is shaded by the solar cells. High con-

centration ratios are not practical for solar cells because cell-cooling becomes a pro-
blem. By concentration ratio is meant tM ratio of the intensity seen by the solar celia

to the ambient solar radiation intensity.

The Somor concentrator (Fig. 6) appears to be the most practical for low concen-

tration ratios. The geometrical limitation of the t_-reflector S_aor concentrator is

such that with infinitely long reflecting surfaces having I00 percent reflectance a

concentration ratio approaching three can be achieved. The relation between reflector
angle, reflector length, and concentration ratio is shown in Fig. 7.

Prom a structural design standpoint the Somor concentrator is rigid in one directionj

being not unlike a sheet of corrugated stee_. Rigidity in the other direction must be
obtained with auxiliary structure, such as a light1_ight hat section. The solar cells can
be fastened to the structure with a st_nlctural adhesive. The cells would be insulated

from the metal of the structure.

One concept for a Som_r concentrating structure is shown in Fig. 8. Structures of
this type have been built of aluminum havir_ thicknesses as small as 0.003 inches. A

concentrator of the type shown in Pig. 8 was tested by comparing the solar-cell output

with the reflecting surfaces covered and uncovered. The tests were conducted in sunshine

on the Earth' s surface. With anodized high-reflectivity alumim_a the solar-cell sho_-
circuit current was found to increase by 65 percent as a result of the reflected light.

This corresponded to a 45 percent increase in solar-cell power output in space, when

temperature effects and the spectrum in space are considered.

TEMPERATURE OONTHOL

The So,mr concentrator has an added advantage in that the reflecting surfaces are

also available for radiating heat, and hence maintaining a low cell temperature in space.

If the cell is to be cooled by conducting heat into the reflectors# the dimensions of the
heat-transfer elements must be such that the temperature drop between the cell and reflec-

tors is small. It was found that this low temperature drop could be attained with a rea-

sonably thin metal by illuminating only one row of solar cells with a pair of reflectors.

Maximmn heat radiation is obtained if both sides of the reflectors have high infra-
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red emissivity. Back-surface emissivities higher than 0.9 can be obtained with black

finishes or anodizing. The front surface, on the other hand, must have high reflectivity
(low emissivity) to solar radiation and high emissivity at far infrared wavelengths.

Only a few coatings have this property. The spectral reflectance of one anodized coati_

havin_ this property is shown in Fig. 9. It has a total solar reflectance of O,80 and an
effective infrared emissivity of 0.75. The infrared emissivity can be increased to

higher than 0.85 by employing an additional coating. 3.

Heat dissipation at the sun-facing sides of the solar cells is increased by the use

of cover glasses which have an infrared emissivity much higher than could be obtained

from the silicon surface of a solar cell. The cover glass also has interference coatings
which reflect ultraviolet illumination that would otherwise be absorbed by the cell and

create heat without generating output power. The optical performance of these cover

glasses under normal-incidence illumination has been extensively investigated and re-

ported, h. The optical performance under oblique light such as would come from the

Somor reflectors had not been reported previously, as far as is known. Therefor% the
transmittance of cover glasses for light strikin_ at various angles was measured. It was

found that one cover glass had no shift in ultraviolet cutoff at angles of light up to

60 degrees from normal, but the transmission loss at 60 degrees increased by 10 percent.
(Fig. lO) Another cover glass did not change appreciably in transmittance, but the

ultraviolet cutoff shifted to a 500 Angstroms shorter wavelength when the incident light

was 53 degrees from normal. (Fig. ll)

In a practical Somor concentrator the reflected light will strike the cells at an
angle of about 60 degrees from the normal. About 10 percent of this reflected light cam

be lost because of decreased cover-glass transmittance. The higher ultra-violet trans-

mittance of a cover glass would raise cell temperature as a consequence of higher radi-

ation input. Both of these effects will tend to reduce slSghtly the power output
achievable with concentration of sunlight on solar cells.

EFFECT OF MISORIENTATION

An advantage of arrays having solar cells with no concentration is that orientation

is not critical. For example, an orientation error of 8 degrees will resttlt in only a

one-percent loss of output power. In contrast with a system employing a paraboloidal
concentrator and a high-temperature then,ionic converter a fraction of a degree of mis-

orientation can cause a substantial loss of output. For example, with one solar therm-
ionic converter system, calculations showed that a 13-minute mlsorientation resulted in

a 15 percent drop in concentrator-absorber efficiency.

The combination of a Somor concentrator and solar cells is affected by misorlenta-

tion, (Fig. 12), but not as much as is the high-concentration thermionic __nverter sYs-
tem. It will be noted that misorientation about the longitudinal axis ismore serious
than misorientation about the transverse axis. This sensitivity to misorientation in the

longitudinal axis can be reduced by designing the bottom of the Somor trough to be

slightly wider than the solar cell. Thus the first few degrees of misorientation will

not result in cell area that does not receive full reflected light. The increase in

structural weight for such a feature would not be significant compared to the advantage
of a reduced orientation accuracy requirement.

EXAMPLE DESIGN

A preliminary design of a concentrating solar cell array for space use was made %0
develop system weight and performance estimates. The following design criteria were

Solar-cell efficiency, no concentration 9 percent
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Conceni;ration ratio, effocEive 1.65

Solar intensity

Cover-glass e_issivity) infrared

140 milliwatts/sq c_

0.84

Back surface emissivity, infrared 0.85

Absorptivity of cover glass and cell 0.78

Reflecting surface emissivity, infrared o.75

Thermal conductivity of silicon 0.2 cal/sec-cm-eO

Thermal conductivity of aluminum 0.4 cal/sec-cm-eC

Thermal conductivity of bonding cement 0.002 cal/sec-cm-eC

The temperatures of different parts of th_ "_L_Jcture were calculated in a conven-

tional manner. Once the temperature is known, the performance of the solar cells can be

determined from the experimental data previously discussed. The following results were
obtained from the calculations :

Reflector temperature 48"C

Solar-cell temperature 51°C

Solar-cell efficiency, with concentration 8. I percent

Power output per cell 30 milliwatts

Power output per cell, no concentration

Weight'to-power ratio, of cells, reflectors, and
structure

21 milliwatts

65 pounds per kw

Further development will undoubtedly reduce the weight-to-power ratio of the con-
centrating solar-cell power source.

CONCLUSIOE_

Tests and calculations indicate that a solar-cell space-vehicle power source em-

ploying Somor concentrators will provide power at lower cost and less weight when com-

pared with conventional non-concentrating solar-cell power sources. However, the con-
centrating system does require better orientation-

It should be recognized that the computations and experiments described in this

paper were conducted to establish feasibility. Additional engineering and developmenb
must be accomplished before the Somor-concentrator solar-cell power source is ready
for space use.

REFERENCES

. Silicon Solar Energy Converters, M. B. Prince. Journal of Applied Physics, vol.
26, number 5, May 1955, pp. 534-540.

@

@

°

Solar Constant and Spectral Distribution Factors for Solar Energy Converters

Intended for Space Applications, Daniel Friedman, NRLMemorandum Repgrt IO0_)
U. S. Naval Research Laboratory, Washington, D. C.

Vanguard Emittance Studies at NRL, Louis F. D_eter, Jr. and E. Goldstein.

Surface Effects on Spacecraft Materials (book), pp. 152-163, John Wiley & Sons)'
_nc., New York/N.Y.

Optical Characteristics of Silicon Solar Cells and of Coatings for Tomperat_Ar_

Control, C. A. Escoffery and Werner Luft. Solar Energy, vol. IV, nut.her _,

October, 1960, pp. 1-9.

D2-90041-A

Page 106



0 0 0  
0 



. 'a 

Fi 
i 
.i 

8 Kuy(wITKM INTEWS(TY Iw YLUIyrn PLll SQ Cy 

Eyg. 5, 
ar cel l  a t  various intensitSes of 
illumination. 

Efficiency of a typical sol- 

. .  

I O  I 5  PO 2 5  
THEORETICAL CONCEHTRllTlON RATIO 

Fig, 7. Concentration 
ra t ios  obtainable with 
Som r co nce d r a t  o r  s. 

I 

Fig, 4 
centrator. 

Principle of a Somr con- 



i __o°_ •__

40

#

20

O0 a I2 4 @ • I0 12 14

WAVELENGTH IN llmGMONI
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Fig. II. Spectral transmission of an
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